1 


il 


HI 


S! 


ill  11  1111 


1 
111 


Digitized  by  the  Internet  Archive 

in  2013 


http://archive.org/details/publicroads12offi 


Xtotmmiwm  nrtunu  ocpaiumuii, 

6U*IM  ^LL£6£  LI1HARY    ^ 


■'""Ullllllll" -"'HIIIIIIIII' 


III!      Mill.       'Illllll!, -*.ll 


„iiiiiiiiii„.._       ...ill 


A  JOURNAL  OF  HIGHWAY    RESEARCH 


iiii^r^niii 


UNITED  STATES  DEPARTMENT  OF  AGRICULTURE 

BUREAU  OF  PUBUC  ROADS 


H'lh.r^ — rrtnH 


VOL.    12,    NO.    1 


V 


MARCH,    1931 


AN    OLD-TIME    TOLLHOUSE 


For  sale  by  the    Superintendent   of   Documents.  Washington,  D.  C. 


See  page  2  of  cover  for  prices 


V 


PUBLIC  ROADS 

A  JOURNAL  OF  HIGHWAY  RESEARCH 

UNITED  STATES  DEPARTMENT  OF  AGRICULTURE 
BUREAU  OF  PUBLIC  ROADS 

Certificate:  By  direction  of  the  Secretary  of  Agriculture,  the  matter  contained  herein  is  published  as  administrative  information 
and  is  required  for  the  proper  transaction  of  the  public  business 

The  reports  of  research  published  in  this  magazine  are  necessarily  qualified  by  the  conditions  of  the  tests  from  which  the  data  are 

obtained.   Whenever  it  is  deemed  possible  to  do  so,  generalizations  are  drawn  from  the  results  of  the  tests;  and,  unless  this  is  done, 

the  conclusions  formulated  must  be  considered  as  specifically  pertinent  only  to  the  described  conditions 


VOL.  12,  NO.  1 


MARCH,  1931 


G.  P.  St.  CLAIR,  Editor 


TABLE   OF 

CONTENTS 

Page 

Toll  Roads 

1 

The  Effect  of  Vibration  on  the  Pressure  of  Concret 

e  Against  Formwork 11 

Motion  Pictures  on  Road  Construction  Available 

16 

1930  Motor 

Vehicle  Registrations  and  Receipts 

18 

THE    BUREAU    OF    PUBLIC    ROADS 

Willard    Building. 

Washington,   D.  C. 

REGIONAL   HEADQUARTERS 

Mark  Sheldon   Buildini 

%,  San  Francisco,  Calif. 

DISTRICT 

OFFICES 

DISTRICT  No.  I. 

Oregon,  Washington,  and  Montana. 

DISTRICT  No.  7.  Illinois,  Indiana,  Kentucky,  and  Michigan. 

Box  3900,  Portland,  Oreg. 

South  Chicago  Post  Office  Bldg.,  Chicago,  111. 

DISTRICT  No.  2. 

California,  Arizona,  and  Nevada. 

DISTRICT  No.  8.  Alabama,  Georgia,  Florida,  Mississippi,  South  Carolina, 

Mark  Sheldon  Building,  San  Francisco,  Calif. 

and  Tennessee. 

DISTRICT  No.  3. 

Colorado,  New  Mexico,  and  Wyoming. 

Box  J,  Montgomery,  Ala. 

301  Customhouse  Building,  Denver,  Colo. 

DISTRICT  No.  9.  Connecticut,  Maine,  Massachusetts,  New  Hampshire, 

DISTRICT  No.  4. 

Minnesota,     North     Dakota,     South     Dakota,    and 
Wisconsin. 

New  Jersey,  New  York.  Rhode  Island,  and  Vermont. 
Federal  Building,  Troy,  N.  Y. 

410  Hamm  Building,  St.  Paul,  Minn. 

DISTRICT  No.  10.  Delaware,  Maryland,  North  Carolina,  Ohio,  Pennsyl- 

DISTRICT No.  5. 

Iowa,  Kansas,  Missouri,  and  Nebraska. 

8th   Floor,  Saunders-Kennedy   Building,  Omaha, 

vania  Virginia,  and  West  Virginia. 
Willard  Building,  Washington,  D.  C. 

Nebr. 

DISTRICT  No.  11.  Alaska. 

DISTRICT  No.  6. 

Arkansas,  Louisiana,  Oklahoma,  and  Texas. 

Goldstein  Building,  Juneau,  Alaska. 

1912  Fort  Worth  National  Bank  Building,  Fort 

DISTRICT  No.  12.  Idaho  and  Utah. 

Worth,  Tex. 

Fred  J.  Kiesel  Building,  Ogden,  Utah. 

Owing  to  the  necessarily  limited  edition  of  this  publication  it  will  be  impossible  to  distribute  it  free  to  any  persons  or 
institutions  other  than  State  and  county  officials  actually  engaged  in  planning  or  constructing  public  highways,  instructors 
in  highway  engineering,  and  periodicals  upon  an  exchange  basis.  Others  desiring  to  obtain  Public  Roads  can  do  so 
by  sending  10  cents  for  a  single  number  or  $1  per  year  (foreign  subscription  $1.50)  to  the  Superintendent  of  Documents, 

United  States  Government  Printing  Office,  Washington,  D.  C. 


TOLL  ROADS 


A  STUDY  OF  THE  HISTORY  AND  PRESENT  STATUS  OF  TOLL  ROADS  IN  THE  UNITED  STATES  AND  OTHER 

COUNTRIES 

Reported  by  H.  H.  KELLY,  Division  of  Highway  Transport,  United  States  Bureau  of  Public  Roads 


THE  conception  of  roads  as  free  means  of  commu- 
nication has  been  fundamental  in  man's  economic 
thought.  Imposition  of  direct  tolls  upon  trav- 
elers as  a  means  of  paying  for  usage  of  the  road,  where- 
ever  it  has  occurred,  has  been  of  comparatively  short 
duration,  and  to-day  exists  in  only  a  few  places  in  the 
world. 

Highway  tolls,  levied  for  the  purposes  of  constructing 
or  maintaining  roads,  are  not  to  be  confused  with 
customs  duties  or  octroi 
taxes,  which  in  all  ages  have 
been  imposed  upon  goods 
transported  for  sale  as  a 
means  of  raising  revenue  or 
protecting  domestic  inter- 
ests. Neither  are  they  to 
be  confused  with  the  fees 
exacted  from  travelers  as 
payment  for  safe  passage  of 
themselves  and  their  goods, 
a  practice  universal  in  Eu- 
rope in  the  Middle  Ages 
and  still  to  be  found,  for 
example,  in  the  bandit-rid- 
den areas  of  interior  China. 


EARLY   HISTORY    RECORDS   FEW 
TOLL   ROADS 


There  is  little  evidence  in 
antiquity  of  the  use  of  the 
toll  system  upon  roads. 
Probably  the  earliest  record- 
ed instance  of  the  collection 
of  tolls  was  upon  the  great 
Persian  military  road  lead- 
ing from  Babylon  to  Syria, 
as  reported  by  Strabo,  the  date  being  approximately 
2000  B.  C.  (I).1  Under  Babylonian  law,  every  city  of 
that  great  commonwealth  had  its  own  customs,  ferry 
dues,  and  highway  and  water  rates,  levied  on  all  but 
its  own  citizens  {2).  Levying  of  tolls  on  caravans  pass- 
ing through  Palestine  was  part  of  King  Solomon's 
fiscal  operations,  which  were  based  on  the  systems  pre- 
vailing in  neighboring  States,  especially  Egypt  (3).  It 
is  significant,  however,  that  in  all  these  early  instances 
the  tolls  were  imposed  either  for  military  purposes  or  as 
a  means  of  taxing  foreign  travelers  and  goods.  On  the 
other  hand,  the  Appian  Way,  most  famous  road  of 
classical  times  (begun  in  312  B.  C.)  and  other  Roman 
highways,  built  primarily  for  military  purposes,  appear 
to  have  been  free  for  public  use  when  this  did  not  inter- 
fere with  the  business  of  Empire  (4)- 

The  first  actual  record  of  a  toll  road  or  "turnpike," 
in  the  true  meaning  of  the  term,2  was  in  England  in 
the  year  1346,  when  King  EdwTard  III  granted  permis- 
sion for  levying  toll  on  all  passing  from  St.  Giles's  to 

1  References  to  the  bibliography  at  the  end  of  the  article  are  indicated  by  italic 
numerals  inclosed  in  parentheses. 

1  Webster's  dictionary  supplies  the  following  definition:  "  Turnpike  road. — A  road 
that  has,  or  had  formerly,  turnpikes,  or  tollgates,  established  by  law  to  collect  from 
users  tolls  to  defray  the  cost  of  building,  repairing,  etc." 


SUMMARY  OF  ESSENTIAL  FACTS  AND  CONCLUSIONS 

Public  sentiment  and  policy,  which  traditionally  regard 
the  highway  as  a  free  means  of  communication,  are  gen- 
erally antagonistic  to  the  toll-road  principle. 

The  total  length  of  toll  roads  now  existing  in  the  world 
is  negligible — in  the  United  States  perhaps  150  miles,  as 
contrasted  to  3,000,000  miles  of  public  roads. 

Where  public  need  for  express  highways  is  greatest,  they 
are  being  built  successfully  without  recourse  to  the  toll 
method  of  financing,  and  the  trend  is  toward  increasing 
development  of  such  free  superroads  built  and  operated  at 
public  expense. 

Present  systems  of  taxation  place  the  major  burden  of 
highway  construction  and  maintenance  upon  the  highway 
users  almost  as  directly  as  by  the  toll  method,  and  in  a  much 
more  equitable  and  acceptable  manner. 

Current  proposals  for  toll  roads  in  the  United  ,S1a1es 
generally  appear  to  ignore  the  basic  economic  factors 
involved.  The  problem  of  toll  roads  is  first  and  foremost, 
economic;  and  second,  technical.  The  engineering  diffi- 
culties are  not  insuperable;  the  economic  difficulties,  how- 
ever, have  not  yet  been  satisfactorily  solved. 

Under  present  conditions,  there  would  seem  to  be  no 
justification  for  toll  roads  in  any  highly-developed  country 
where  a  large  mileage  of  public  roads  already  exists;  how- 
ever, in  undeveloped  regions  of  the  world  some  basis  might 
be  found  for  employing  the  toll  method  as  the  first  step  in 
financing  a  trunk-line  system  of  highways. 


Temple  Bar,  London,  lor  the  reason  thai  roads  there 
had  become  impassable  for  want  of  other  provisions 
for  their  maintenance  (5). 

Three  hundred  years  later,  in  1663,  the  lirsl  English 
turnpike  act  was  passed,  giving  a  franchise  to  the 
"  Great  North  Road  to  Yrork  and  Scotland  "  and  per- 
mitting collection  of  tolls  as  a  means  of  providing  funds 
for  maintenance.  Coincident  with  the  industrial  revo- 
lution, the  need  for  improved  means  of  communication 

caused  formation  of  nu- 
merous turnpikecompanies, 
state  funds  not  being  avail- 
able for  road  purposes. 
At  the  time  of  the  death 
of  the  great  road  builder 
McAdam  in  1836  English 
turnpikes  had  reached  their 
maximum  development, 
with  1,100  turnpike  trusts 
operating  20,000  miles  of 
road;  he  himself  had  con- 
tributed largely  to  thisresult 
by  his  services  in  improving 
road-construction  methods. 
Shortly  thereafter,  the  de- 
cline of  turnpikes  began 
with  the  advent  of  rail- 
roads. 

France  at  various  times 
employed  the  toll  system, 
the  Government  professing 
to  devote  the  proceeds  to 
the  improvement  of  roads. 
The  tolls  gave  rise,  how- 
ever, to  gross  peculations 
and  widespread  abuse,  bar- 
riers springing  up  on  all  the  roads  and  bridges  and  at 
the  gates  of  towns,  which  one  could  not  pass  without 
making  payment.  Napoleon  I  finally  abolished  the 
tolls  about  "the  year  1806  (6)  (7). 

In  the  United  States,  the  first  toll  road  was  built  in 
Virginia  in  1786  to  carry  the  increasing  traffic  from 
Alexandria — which  Washington  had  hoped  to  make  one 
of  the  principal  ports  of  the  new  republic — to  north- 
western Virginia  and  the  navigable  streams  flowing 
toward  the  west.  It  wTas  known  as  the  Little  River 
Turnpike.  Similar  roads  appeared  in  Connecticut  in 
1792,  Maryland  in  1793,  Tennessee  in  1801  (through 
Cumberland  Gap),  North  Carolina  in  1804  (through 
the  Cherokee  lands).  Necessity  for  expensive  repairs 
on  poor-surfaced  roads  which  were  subject  to  ever- 
increasing  traffic  and  for  tracing  new  routes  westward, 
together  with  the  lack  of  public  funds,  made  inevitable 
the  use  of  the  toll  system. 

An  outstanding  example  of  American  turnpikes  was 
the  Philadelphia  and  Lancaster  Turnpike  Road,  the 
first  macadam  road  in  the  western  hemisphere,  built 
1792-94  at  a  cost  of  $465,000.  It  was  62  miles  long, 
macadamized  throughout  with  stones  broken  to  pass 
through  a  2-inch  ring,  and  was  guarded  by  nine  toll- 
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gates.  It  followed  the  location  of  the  "King's  High- 
way," a  public  road  which  had  been  constructed  in 
1741.  Rates  of  toll  ranged  from  1  to  13%  cents  per 
mile  for  each  vehicle,  depending  upon  the  width  of  the 
tires  and  the  number  of  horses  used.  This  road 
enjoyed  25  years  of  prosperity,  with  annual  dividends 
sometimes  exceeding  15  per  cent,  and  its  success  led  to 
the  formation  of  many  similar  enterprises.  By  1811 
there  were  137  chartered  roads  in  the  eastern  United 


the  highway  continued  on  westward  to  lose  itself  in 
the  prairies  of  Illinois.  The  first  definite  proposal  for 
construction  of  this  road  came  in  1S06;  it  was  opened 
to  the  public  in  1818;  and  was  reconstructed  in  1832. 
Tolls  were  collected  at  certain  points  on  this  road  as 
late  as  the  opening  of  the  present  century. 

The  peak  of  turnpike  development  occurred  about 
1830,  and  the  decline  began  soon  afterward  with  the 
rapid  extension  of  railroads  and  canals  (5). 


Toll  Roads  Served  the  Traffic  of  an  Earlier  Day 


Slates,    with   a    total   of   4.5(10    miles    under   operation, 
capitalized  at  $7,500,000  (8). 

GREATEST  DEVELOPMENT  IN  EARLY   NINETEENTH  CENTliRY 

In  1808,  Albert  Gallatin,  Secretary  of  the  Treasury 
of  the  United  .States,  made  a  report  on  "Turnpikes, 
or  Artificial  Roads"  in  which  it  was  stated  that  "great 
numbers"  of  such  roads  had  been  completed  in  eastern 
and  southern  States  at  costs  varying  from  $1,000  to 
$14,000  per  mile.  Turnpikes  were  then  in  existence  in 
Connecticut,  Massachusetts,  New  York,  "where  in  less 
than  seven  years  67  companies  have  been  incorporated 
with  nominal  capital  of  near  $5,000,000  for  the  purpose 
of  making  more  than  3,000  miles  of  artificial  road," 
New  Jersey,  Pennsylvania,  Maryland,  and  Virginia. 

The  famous  National  Pike,  the  only  highway  of  its 
kind  ever  wholly  constructed  by  the  Government  of 
the  United  States,  was  a  toll  road,  with  commissioners 
named  by  the  various  States  through  which  it  passed 
to  administer  the  toll  collections.  The  main  section 
of  the  road  as  laid  out  by  the  Federal  Government  was 
from  Cumberland,  Md.  (from  which  the  name  of 
"Cumberland  Road"  often  applied  to  it,  was  derived) 
to  Wheeling,  W.  Va.,  via  Uniontown,  Pa.,  although 


MODERN  TOLL  ROADS 

Compared  with  the  total  mileage  of  roads  in  the 
world  to-day,  the  extent  of  toll  roads  is  infinitesimal. 
Even  in  Europe,  where  unusual  postwar  conditions 
might  have  been  thought  to  justify  the  use  of  tolls  at 
least  temporarily,  there  are  few  toll  roads.  Despite 
such  special  circumstances  as  the  poor  condition  of 
public  highways  following  the  war,  lack  of  public  funds 
for  large  reconstruction  programs,  the  considerable 
volume  of  de  luxe  tourist  traffic,  and  the  large  numbers 
of  animal-drawn  vehicles  and  bicycles  which  hamper 
the  movement  of  motor  cars  on  the  public  roads, 
serious  consideration  has  been  given  the  toll-road 
principle  in  only  a  single  country. 

Italy. — Foremost  among  modern  toll  roads  are  the 
autostrade  of  Italy,  principally  located  in  the  northern 
part  of  the  country.  The  first  autostrade,  connecting- 
the  city  of  Milan  with  the  lake  resorts  of  Como,  Varese, 
Arona,  and  Bergamo  and  representing  a  total  length 
of  85  miles,  were  begun  in  1925  by  a  private  company 

1  The  assistance  "i  the  Bureau  <>f  Foreign  and  Domestic  Commerce  of  the  United 
States  Department  of  Commerce  in  supplying  data  regarding  modern  toll  road-, 
particularly  those  in  foreign  countries,  is  gratefully  acknowledged.  The  American 
Automobile  iss  iciation  also  supplied  valuable  information  on  toll  roads  in  the  United 
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known  as  the  Soeieta  Anonima  Autostrade,  capitalized 
at  50,000,000  lire  (about  $2,500,000).  The  moving 
spirit  behind  the  enterprise  was  the  engineer  Puricelli, 
head  of  one  of  Italy's  most  important  construction 
firms.  These  roads  are  now  in  year-round  operation. 
As  an  example  of  the  toll  charged,  the  round-trip  rate 
between  Milan  and  Como  (46  miles)  for  a  medium- 
sized  automobile  is  about  $1.25,  with  seasonal  tickets 
available  at  reduced  rates.  The  roads  are  of  modern 
construction,  principally  4-lane  width,  built  of  concrete 
with  bituminous  surface  treatment,  without  grade 
crossings  or  intersections,  and  without  speed  limit  save 
for  trucks.  Only  rubber-tired  passenger  cars  and 
trucks  and  motor  cycles  with  side  cars  are  permitted 
upon  them.  Other  autostrade  have  since  been  built 
from  Naples  to  Pompeii,  from  Florence  to  the  coast, 
and  in  part  from  Milan  to  Turin. 

The  Milan-to-Lakes  autostrade  cost  $80,000  per 
mile.  The  method  of  financing  was  by  constitution 
of  special  companies  for  each  main  section  of  the  high- 
way and  by  issue  of  obligations  guaranteed  by  the 
Italian  Government,  which  in  compensation  for  this 
service  becomes  owner  of  the  highway  after  50  years 
without  making  any  disbursements  (9). 

During  the  first  year  of  operation,  revenues  were 
barely  sufficient  to  meet  carrying  charges;  the  second 
year  a  2  per  cent  dividend  was  declared,  and  modest 
dividend  disbursements  have  been  made  annually  evei 
since.  Recently,  however,  the  improvement  and  ex- 
tension of  the  national  highways  have  diverted  much 
traffic  from  the  toll  roads.  For  example,  the  national 
road  from  Milan  to  Como,  having  been  resurfaced,  is 
now  more  popular  with  motorists  than  the  autostrada. 
This  fact,  together  with  the  general  business  depres- 
sion, which  has  reduced  both  local  and  tourist  traffic, 
has  given  rise  to  general  doubts  that  these  toll  roads 
will  ever  prove  the  lucrative  venture  which  they  were 
originally  hoped  to  be. 

Germany. — The  only  toll  road  in  Germany  is  the 
Avusbahn,  12%  miles  long  in  a  closed  circuit,  between 
Berlin  and  Charlottenburg.  It  was  built  in  1921, 
chiefly  for  test  or  racing  purposes.  The  round-trip 
toll  is  50  cents.  For  several  years,  a  proposal  to  build 
a  series  of  toll  roads — Hamburg-Basel,  Stettin-Berlin- 
Munich,  Dusseldorf-Cologne — has  been  given  occa- 
sional publicity,  but  no  definite  action  has  yet  been 
taken  (10). 

England. — During  discussion  of  the  road  bill  in 
Parliament  in  1929,  the  fact  was  brought  out  that  there 
were  55  toll  roads  in  England  and  Wales  at  that  time, 
all  of  a  local  character,  and  for  the  most  part  under  1 
mile  in  length.  Passage  of  this  bill,  which  is  now 
known  as  the  road  traffic  act  of  1930,  permits  of  the 
compulsory  transfer  of  such  roads  from  their  private 
owners  to  the  public  authorities,  if  necessary  (11)  (12). 

Switzerland. — Tolls  were  charged  in  former  years  on 
a  number  of  mountain  roads  where  construction  costs 
were  very  high,  but  these  were  abolished  by  law 
throughout  the  Swiss  Confederation  in  1928. 

Austria. — Construction  work  was  begun  in  1930 
upon  a  30-mile  road  across  the  Grossglockner  range, 
between  Ferleiten  and  Heiligenblut,  to  cost  about 
$1,750,000  and  to  be  completed  in  three  years.  It  will 
be  one  of  the  highest  roads  in  Europe,  with  a  maximum 
elevation  of  8,200  feet.  Present  plans  are  to  operate 
it  as  a  toll  road,  charging  about  $3.50  per  automobile. 

In  other  countries  of  Europe,  there  doubtless  are 
roads  of  local  interest  upon  which  tolls  are  charged, 


but  accurate  information  on  this  point  is  lacking.  In 
no  case,  however,  are  tolls  charged  upon  a  traffic  artery 
of  national  importance.  (Indicated  by  reports  to  In- 
ternational Road  Congress.)  In  one  or  two  countries 
there  is  agitation  for  express  highways;  in  France,  for 
example,  a  Compagnie  des  Auto-Routes  lias  been 
formed  to  push  a  project  for  an  express  route  from 
Paris  to  Lille  and  Calais,  cost  of  which  is  estimated  at 
1,400,000  francs  per  kilometer  (close  to  $90,000  per 
mile).  Public  sentiment,  however,  appears  to  be.  un- 
enthusiastic  about  the  creation  of  toll  roads  and  to 
prefer  the  Government  itself  to  build  any  superhigh- 
ways of  this  kind. 


The  Fork  at  Lainate,  on  the  Milan-Lakes  Autostrade 

Peru. — A  toll  load  is  under  operation  between  Huaral 
and  Huacho,  primarily  as  means  of  access  to  a  pleasure 
resort;  and  another  25  miles  long,  between  Lima  and  An- 
con,  is  partially  completed.  Concessions  for  highway  con- 
struction granted  under  the  recently  deposed  Leguia  re- 
gime have  largely  been  canceled  by  the  new  Government. 

Brazil. — A  25-year  concession  was  granted  in  1929 
for  construction  of  an  automobile  toll  road  from  Sao 
Paulo  to  Santos,  to  cost  $5,000,000.  At  the  end  of  25 
years,  the  road  is  to  revert  to  the  State  without  cost, 
and  at  any  earlier  date  may  be  taken  over  by  the  Stale 
upon  payment  of  cost  plus  15  per  cent  (13).  There  are 
reported  to  be  a  number  of  local  roads  operated  else- 
where in  Brazil  under  the  toll  system. 

Argentina. — The  Government  at  the  end  of  1930 
called  for  bids  upon  a  project  which,  if  it  materializes, 
will  be  the  largest  toll-road  enterprise  ever  undertaken. 
Two  highways  are  proposed,  one  northwest  from  Buenos 
Aires  to  Rosario  and  Cordoba,  and  the  other  southwest 
from  Buenos  Aires  to  Azul  and  Bahia  Blanca.  The 
combined  length  of  the  two  projects  is  about  800  miles. 
These  toll  roads  must  parallel  free  roads,  but  the  latter 
are  of  low  type  and  not  passable  at  all  seasons  of  the 
year.  The  period  during  which  tolls  may  be  imposed 
must  not  exceed  15  years,  at  the  end  of  which  time  the 
highways  will  become  the  exclusive  property  of  the  Ar- 
gentine nation.  As  protection  for  the  constructing  and 
operating  company,  if  net  receipts  are  not  sufficient  to 
cover  interest  and  amortization  on  the  capital  invest- 
ment, the  Argentine  Government  will  grant  the  com- 
pany a  subsidy  sufficient  to  make  up  the  difference;  if 
net  receipts  are  greater  than  the  interest  and  amortiza- 
tion charges,  however,  the  surplus  must  be  given  to  the 
Government.  The  chief  uncertainties  in  the  project 
appear  to  lie  in  the  legal  technicality  that  the  present 
Argentine  Government  is  "provisional,"  and  its  power 
to  enter  into  an  agreement  of  this  kind  and  support  it 
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with  adequate  guarantees  is  questioned,  and  in  the 
fact  that  the  national  constitution  seems  to  insure  the 
freedom  of  all  highways. 

FEW  TOLL  ROADS  REMAINING  IN  UNITED  STATES 

Hardly  more  than  a  score  of  toll  roads  are  known  to 
exist  in  the  United  States  to-day,  all  of  them  being  pri- 
vately owned.  Only  one  of  them  can  be  said  to  attract 
traffic  by  the  special  facilities  it  offers,  while  the  others 
;ire  of  a  scenic  character,  of  interest  almost  exclusively 
to  tourists  and  sightseers.  The  total  length  of  all  these 
United  States  toll  roads  is  estimated  at  less  than  150 
miles,  as  contrasted  to  the  3,000,000  miles  of  the  public 
road  system.  An  official  inquiry  to  the  highway  de- 
partments of  all  the  States  of  the  Union  early  in  1931 


Florida. — Tolls  are  collected  on  the  Beach  Road  be- 
tween St.  Augustine  and  Daytona,  a  thoroughfare  used 
principally  for  its  scenic  value. 

New  Hampshire. — The  Mount  Washington  Summit 
Road,  8  miles  long,  extends  from  the  Glen  House  at  an 
elevation  of  1,543  feet  to  the  summit  of  Mount  Wash- 
ington, elevation  6,293  feet.  The  franchise  to  this 
company  was  granted  by  the  legislature  in  1859  and 
the  road  is  still  operated  under  this  original  franchise. 

New  Jersey. — Tolls  are  collected  on  a  road  between 
Ocean  City  and  Longport,  this  road  forming  an  ap- 
proach to  a  toll  bridge,  and  connecting  with  two 
public  roads. 

New  York. — The  best-known  toll  road  in  the  United 
States  is  the  Long  Island  Motor  Parkway,  a  privately 

sound 


A  T  L  A         N        T        I        C 

Map  Showing  Location  of  Long  Island  Motor  Parkway 


revealed  that  there  are  no  toll  roads  of  any  character  in 
35  States.  The  following  paragraphs  describe  briefly 
the  few  toll  roads  now  in  operation  in  the  other  States. 

Arizona. — The  San  Francisco  Mountain  Boulevard 
is  a  toll  road  extending  from  the  vicinity  of  Flagstaff 
to  the  summit  of  San  Francisco  Mountain  nearby. 
The  toll  charge  is  $1  per  automobile. 

( California. — Six  toll  roads,  on  only  one  of  which  there 
may  be  said  to  be  arterial  traffic,  exist  in  California. 
They  are  as  follows:  Darwin,  easterly  to  Death  Valley, 
toll 'charge  $2;  Mount  Diablo,  toll  charge  $1.25; 
Tamalpais  Mountain,  toll  charge  $1 ;  Sears  Point  Road, 
which  has  some  value  as  a  traffic  artery  although  there 
is  an  alternate  free  road  through  Napa  which  is  only 
a  few  miles  longer;  Mount  Wilson,  and  Seventeen-Mile 
Drive. 

Colorado. — The  Pikes  Peak  Auto  Highway  leads  to 
the  14,000-foot  summit  of  Pikes  Peak,  Colo.  It  was 
constructed  in  1915  by  E.  A.  wSunderlin,  of  Colorado 
Springs.  The  company  owning  this  highway  has 
offered  to  convey  it  to  the  United  States  Government 
at  the  end  of  1935,  and  the  offer  has  been  accepted 
(W  05). 


owned  highway  handling  automobile  traffic  of  a  re- 
stricted character;  that  is,  pleasure  cars  to  the  exclusion 
of  trucks  and  other  commercial  traffic.  It  is  about  45 
miles  long  and  extends  from  the  congested  metropolitan 
district  adjacent  to  Flushing,  Long  Island,  to  Lake 
Ronkonkoma  in  the  center  of  the  Island.  Construction 
of  the. road  was  commenced  in  1908  and  most  of  it  was 
completed  by  1910,  although  short  stretches  have  been 
added  from  time  to  time  since  that  year.  The  right  of 
way  for  it,  from  50  to  100  feet  in  width,  was  acquired 
by  purchase  or  lease,  the  company  that  built  it  having 
no  power  of  condemnation.  As  now  constructed  the 
actual  roadway  has  a  width  of  from  16  to  22  feet,  sur- 
faced with  concrete  or  bituminous  macadam;  it  has 
many  curves,  and  although  for  a  considerable  distance 
from  its  westerly  end  intersecting  highways  are  crossed 
by  bridge  or  underpass,  toward  its  easterly  end  there 
are  several  highway  crossings  at  grade. 

The  company  which  built  this  road,  and  which  still 
operates  it,  was  organized  by  a  group  of  automobile 
enthusiasts  in  the  early  days  of  motoring.  Capital 
stock  was  issued  to  subscribers  who  paid  more  than 
$800,000  for  it,  and  while  the  stock  was  never  listed  on 
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any  exchange  it  had  a  fairly  wide  distribution;  later,  to 
complete  construction,  there  was  an  issue  of  mortgage 
bonds  to  the  amount  of  $1,000,000,  and  all  of  these 
bonds,  together  with  more  than  three-fourths  of  the 
outstanding  stock,  are  now  owned  by  one  man  who  was 
active  in  the  original  enterprise.  The  company  has 
never  paid  a  dividend  and  its  bonds  have  long  been  in 
default  as  to  interest  payments,  although  for  several 
years  its  receipts  have  exceeded  actual  operating  ex- 
penses. Including  with  original  cost  the  interest  on 
borrowed  money  accrued  and  unpaid,  this  parkway 
to-day  represents  an  investment  estimated  at  between 


Long  Island  Motor  Parkway  (Inc.)  responsible  for  any  injury 
to  his  person  or  for  any  loss  or  damage  to  his  property  while  on 
said  premises,  whether  caused  by  the  negligence  of  said  Long 
Island  Motor  Parkway  (Inc.),  or  by  the  negligence  or  willful 
acts  of  its  agents  or  employees,  whether  such  willful  acts  be 
done  within  the  scope  of  their  employment  or  otherwise. 

Second.  The  license  granted  by  this  ticket  will  be  so  exercised 
as  not  to  interfere  in  any  way  with  the  exercise  of  a  similar 
license  granted  to  others. 

Third.  Each  person  entering  upon  the  premises  of  the  Long 
Island  Motor  Parkway  (Inc.),  by  virtue  of  this  ticket  will  obej 
and  conform  to  all  State,  county,  'and  local  laws  and  regulations 
relating  to  automobiles  or  their  operation  and  all  rules  and  regu 
lations  for  the  use  and  operation  of  the  motor  parkway  and  will 
at  all  times  while  on  said  premises  exercise  all  possible  care  and 
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$6,000,000  and  $7,000,000.  The  rate  of  toll  is  $1  for 
a  single  1-way  trip.  Statistics  on  the  traffic  passing 
over  the  road  have  never  been  made  public,  for  reasons 
of  company  policy,  but  the  volume  is  said  to  vary 
between  wide  extremes  in  summer  and  winter. 

This  parkway  has  not  been  a  financial  success.  Its 
operation  is  continued  chiefly  because  of  the  personal 
interest  of  the  owner  of  the  bonds  and  stock  above 
mentioned  and  his  hope  eventually  to  justify  in  some 
measure  the  investment  made  in  it. 

The  "Conditions"  printed  on  the  back  of  each 
ticket  of  the  Long  Island  Motor  Parkway  are  of 
documentary  interest. 

Conditions 

Every  person  exercising  the  license  granted  by  this  ticket 
consents  and  agrees  in  consideration  of  the  granting  thereof,  to 
the  following  conditions: 

First.  Each  person  entering  upon  the  premises  of  the  Long 
Island  Motor  Parkway  (Inc.)  by  virtue  of  this  ticket  thereby 
assumes  all  risks  of  injury,  damage,  and  loss  to  himself  or  his 
property  while  on  said  premises  and  will  in  no  event  hold  the 


prudence,  to  avoid  exposure  of  himself  and  others  to  risk  of 
damage,  injury,  or  loss  and  will  keep  to  the  right  of  each  white 
line  along  the  center  of  the  parkway  and  generally  keep  to  the 
right  of  said  center  whether  or  not  so  marked. 

Fourth.  Automobiles  when  stopping  must  clear  pavement 
with  all  wheels.  Automobiles  shall  not  be  stopped  or  parked 
on  top  of  or  under  bridges  or  on  approaches  to  bridges  or  on 
curves. 

Fifth.  Picnic  parties  shall  keep  the  parkway  and  adjoining 
land  as  clean  as  they  find  it  by  disposing  of  their  waste  paper 
and  refuse  before  leaving.  No  fire  shall  be  made  in  the  wooded 
sections.  No  parking  west  of  Huntington  #Lodge.  except  in 
parking  enclosures  designated  by  signs. 

Sixth.  The  following  speed  limits  shall  be  observed:  Forty 
miles  per  hour  west  of  large  warning  sign  at  Wyandanch;  30 
miles  per  hour  east  of  said  sign.  Except,  however,  that  speed 
shall  be  reduced  as  required  for  safety,  on  curves  and  wherever 
necessitated  by  traffic  conditions,  and  except  that  the  speed 
limit  shall  be  10  miles  per  hour  at  each  grade  crossing  of  a  public 
road  and  the  traffic  on  such  public  road  shall  be  given  the  right 
of  way. 

Seventh.  The  police  maintained  by  the  Parkway  Co.  shall 
have  entire  charge  of  the  traffic  on  the  motor  parkway  and  the 
movement  of  cars  thereon  shall  be  subject  to  their  direction. 
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Eighth.  The  company  reserves  the  righl  to  lake  up  this 
ticket  at  any  time. 

The  Boar  Mountain  Bridge  Road,  privately  owned, 
which  is  the  eastern  approach  to  the  bridge  from 
Peekskill,  N.  Y.,  might  be  termed  a  "  toll  road,"  since  the 
toll-gate  for  the  bridge  is  located  upon  it 

North  Carolina.  Mount  Mitchell  Toll  Road  leads 
to  the  summit  of  Mount  Mitchell,  near  Asheville, 
N.  C.  It  was  established  in  1020  on  the  location  of  an 
old  lumber  railway.  It  is  1SK>  miles  long,  and  wide 
enough  for  only  one-way  traffic.  The  toll  rate  is  $1 
for  adults  and  50  cents  for  children. 

South  Carolina. — A  toll  road  about  12  miles  long 
leads  from  Charleston  to  Folly  Beach,  a  seaside  resort 
of  Charleston  County. 

Texas. — Two  toll  roads  are  in  operation  in  the  region 
of  Medina  Lake  in  southern  Texas,  carrying  recrea- 
tional traffic  from  the  public  roads  to  the  lake.  The 
first  was  opened  in  1917  by  the  Medina  Lake  Toll  Road 
Co.;  its  length  is  7  miles,  its  surface  is  oiled  gravel, 
and  it  cost  $66,000.  The  toll  rate  is  50  cents  each  way 
for  passenger  cars,  and  $1  per  ton  each  way  for  trucks. 
The  second  road  was  opened  in  1927  by  the  Medina 
Highland  Toll  Road  Co.;  its  length  is  9  miles,  its  sur- 
face is  gravel  and  graded  earth,  and  it  cost  $75,000. 
The  toll  rate  is  the  same  as  on  the  first  road.  Volume  of 
traffic  on  both  roads  averages  from  20  to  30  cars  per  day. 

Utah. — Fees  are  charged  for  the  issuance  of  auto- 
mobile and  motor-cycle  permits  on  a  road  traversing 
the  southeast  corner  of  Zion  National  Park,  the  charge 
per  automobile  being  $1.  Residents  of  the  counties 
adjoining  the  park  are  exempt  from  payment  of  this 
fee  when  in  pursuit  of  their  usual  business. 

Vermont. — The  Mount  Mansfield  Toll  Road,  approxi- 
mately 3/4  miles  long,  permits  tourists  to  visit  the 
summit  of  the  mountain. 

Virginia. — One  of  the  few  relics  of  the  numerous  toll 
roads  of  a  century  ago  is  the  Great  Falls  Toll  Road, 
leading  to  Great  Falls,  Va.,  near  Washington,  D.  C. 
Its  traffic  is  now  limited  principally  to  tourists,  pic- 
nickers, and  others  wishing  to  visit,  the  falls  of  the 
Potomac  River,  where  there  is  a  small  pleasure  resort. 
The  toll  rate  is  25  cents  per  car. 

An  example  of  a  toll  road  recently  taken  over  by 
public  authorities  is  the  Conners  Highway,  a  51-mile 
road  from  West  Palm  Beach  to  the  northern  shore  of 
Lake  Okeechobee,  Fla.  Originally  built  and  financed 
by  W.  J.  Conners,  of  Buffalo,  its  outstanding  obliga- 
tions were  assumed  by  the  County  of  Palm  Beach  and 
it  was  freed  from  tolls  in  1930.  It  is  to  be  incorporated 
in  the  State  highway  system. 

During  the  last  five  years,  the  public  press  has  re- 
ported numerous  suggestions  for  the  construction  of  toll 
superhighways,  but  none  of  these  has  ever  been  actually 
undertaken.  Among  the  specific  locations  mentioned 
have  been  the  following:  From  One  hundred  and  thirty- 
eighth  Street  in  New  York  City  to  the  village  of  Peeks- 
kill  (elevated  structure) ;  from  the  New  Jersey  side  of  the 
Holland  tunnel %along  the  Atlantic  coast  to  Atlantic  City 
(semielevated);' Atlantic  City  to  Philadelphia;  Detroit 
to  Pontiac  (elevated);  San  Francisco  to  Los  Angeles; 
the  Merced  River  Valley  in  California;  Wilson  River  in 
Oregon;  Buffalo  to  Niagara  Falls;  Milwaukee,  Wis.,  to 
Gary,  Ind.;  New  York  to  Boston.  For  most  of  these, 
no  definite  projects  have  been  advanced,  and  public 
sentiment  as  reflected  by  the  press  has  shown  itself  un- 
friendly to  the  loll  feature  of  these  suggested  highways. 

Probably  the  most  ambitious  of  all  toll-road  plans 
advanced  in  this  country  is  that  of  the  Union  Highways 


Association  for  a  nation-wide  express  motorways  sys- 
tem. This  association  was  incorporated  in  1925,  with 
headquarters  in  New  York  City,  to  encourage  formation 
of  "an  express  motorways  system  which  eventually  will 
spread  over  the  United  States,  Canada,  and  Mexico, 
and  link  up  all  of  the  nations  of  this  hemisphere."  It 
proposed  to  form  42  individual  motorways  corporations 
as  members  of  the  Union  Highways  Association,  each 
of  which  would  build  and  operate  a  separate  section  of 
highway  under  the  toll  plan  until  its  cost  was  entirely 
paid  off,  when  it  would  revert  to  the  State.  The  42  high- 
ways involved  would  include  one  transcontinental  route 
from  east  to  west,  two  routes  roughly  paralleling  the  At- 
lantic and  Pacific  coasts,  and  a  compact  network  of  roads 
between  the  Middle-Atlantic  and  Middle  Western  States. 

To  promote  the  first  of  these  42  suggested  highways,4 
the  New  York  and  New  England  Motorways  Corpora- 
tion was  incorporated  under  the  laws  of  the  State  of 
New  York.  The  scope  of  this  first  motorways  project  is 
indicated  by  the  fact  that  the  corporation  estimates  that 
the  cost  of  the  65-mile  section  between  The  Bronx  (New 
York  City)  and  NewHaven,  Conn.,  will  be  $200,000,000. 

These  toll  projects  are  not  to  be  confused  with  the 
activities  of  various  organizations  whose  purpose  is  to 
encourage  the  building  of  publicly-owned  express 
highways.  An  example  of  such  organizations  is  the 
National  Highway  Association,  incorporated  in  1912, 
the  aim  of  which  is  the  construction  of  50,000  miles  of 
national  highways  "to  be  built  and  forever  maintained 
by  the  United  States  Government."  With  somewhat  the 
same  ultimate  object  in  view,  a  joint  resolution  known  as 
the  Phipps-Robsion  resolution  was  introduced  in  Con- 
gress in  1929,  "creating  a  commission  to  study  pro- 
posals for  a  national  system  of  express  motorways."  As 
attested  by  documents  supporting  the  resolution  and  by 
the  statements  of  the  authors  of  the  resolution,  only 
publicly  owned  highways  were  under  consideration,  and 
the  use  of  tolls  as  a  means  of  financing  was  not  men- 
tioned. This  resolution  was  passed  promptly  by  the 
Senate,  but  is  still  awaiting  action  by  the  House  of  Rep- 
resentatives. In  1929,  a  bill  was  introduced  in  the  Sen- 
ate (S.  309)  providing  for  the  construction  of  a  post  road 
and  military  highway  from  the  Atlantic  to  the  Pacific 
coasts,  to  be  known  as  the  Central  Highway,  in  which 
the  interesting  provision  was  made  that  portions  of  the 
right-of-way  could  be  leased  to  provide  additional  funds. 

DEDUCTIONS  FROM  THE  FACTS 

From  the  evidence  of  past  experience,  certain  con- 
clusions may  be  deduced: 

1.  Reasons  for  the  establishment  of  toll  roads  in  the 
past  have  been:  Nonexistence  or  inadequacy  of  free 
public  roads,  lack  of  State  funds  for  construction  of  free 
roads  to  meet  the  public  demand,  and  necessity  of  raising 
emergency  revenue  for  the  State  treasury.  Only  the 
first  two  of  these  reasons  appear  applicable  to  modern 
conditions ;  and  they  are  usually  cited  as  the  basis  for  cur- 
rent agitation  for  toll  motorways  in  the  United  States. 

2.  Conditions  under  which  toll  roads  have  been 
successful  are:  Economically  strategic  location,  assured 
volume  of  traffic,  reasonable  rate  of  toll,  and  absence  of 
competition  by  free  roads  or  other  cheaper  means  of 
communication.  Lack  of  any  one  of  these,  basic  condi- 
tions has  been  sufficient  to  make  toll  roads  unsuccessful. 
Thus,  even  at  the  peak  of  toll-road  development  in  the 
United  States  and  Great  Britain  during  the  early  part 
of  the  nineteenth  century,  numerous  toll  roads  failed 
because    of    their    poor    location    and    consequently 

4  The  information  given  here  and  in  subsequent  pages  regarding  this  proposed 
motorway  was  obtained  from  literature  issued  by  the  promoters. 


March,  1931 


PUBLIC    KOADS 


insufficient  traffic.  Moreover,  the  most  successful  toll 
roads  (e.  g.,  the  Philadelphia-Lancaster  turnpike) 
went  into  rapid  decline  as  soon  as  competition  by 
railroad  and  canal  appeared.  And  the  Italian  auto- 
strade,  largest  and  most  recent  of  such  enterprises, 
appear  to  have  already  entered  upon  a  period  of 
diminishing  returns  because  the  improvement  of  free 
public  roads  serving  the  same  territory  has  impaired 
their  monopolistic  character. 

3.  The  possible  advantages  of  toll  roads  may  be  sum- 
marized as:  The  relief  of  existing  congestion  on  roads 
by  early  accomplishment  of  large  highway  improve- 
ments which  the  State  in  its  normal  program  might  not 
be  able  to  undertake  until  considerably  later;  placing 
the  burden  of  cost  of  the  road  directly  upon  its  users, 
thus  insuring  that  both  foreign  and  local  traffic  pay  an 
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equitable  share  in  the  facilities  which  they  enjoy;  and 
potential  savings  in  time  and  cost  of  vehicle  operation, 
as  well  as  reduction  of  accidents. 

4.  The  disadvantages  of  toll  roads  are:  Antagonistic 
public  opinion,  which  traditionally  regards  the  roads  as 
free  means  of  communication;  additional  expense  of 
financing  immediate  huge  expenditures;  additional  ex- 
pense of  collecting  tolls  (a  "nonproductive''  activity 
which  in  the  case  of  toll  bridges  has  been  estimated  to 
absorb  from  15  to  27  per  cent  of  tin'  total  amount  of 
tolls  collected);  impossibility  of  giving  monopolistic 
guarantees,  since  paralleling  free  roads  must  be  main- 
tained for  use  by  the  general  public,  and  consequent 
uncertainty  of  traffic  volume;  finally,  that  inherent 
dilemma  in  enterprises  of  this  kind  which  presents  on 
the  one  hand  the  necessity  of  building  at  heavy  expense 
a  superhighway  capable  of  attracting  large  volumes  of 
traffic  from  the  free  thoroughfares,  and  on  the  other 
hand  the  prime  requirement  of  a  low  toll  rate. 

The  above  considerations  apply  to  toll  roads  con- 
structed and  operated  by  public  authorities.  They  are 
also  applicable  in  all  respects  to  toll  roads  promoted  by 
private  capital,  but  with  such  grave  additional  disad- 
vantages in  the  latter  case  as  intensified  unfriendliness 
on  the  part  of  public  opinion,  materially  higher  costs 
in  financing  and  possibly  in  construction  and  operation 
as  well,  and  risk  of  loss  to  investors. 

THREE  SPECIFIC  CASES  STUDIED 

In  the  light  of  these  basic  considerations,  three  out- 
standing examples  of  the  toll-road  principle — two  of 
them  in  operation,  one  contemplated — may  be  briefly 
analyzed. 

1.  The  Italian  autostrade  were  built  by  private  enter- 
prise, but  with  the  guarantee  and  support  of  the  Govern- 


ment, at  a  time  when  public  roads  had  been  practically 
ruined  by  the  war.  They,  therefore,  enjoyed  virtual 
monopoly,  as  well  as  a  strategic  location  and  a  good 
volume  of  traffic;  the  power  of  the  Fascist  Government 
insured  them  a  friendly  public  opinion,  and  they  be- 
came an  object  of  national  pride.  The  toll  rate — ap- 
proximately 2}i  cents  per  mile — did  not  prove  a  deter- 
rent to  traffic  in  a  country  where  there  is  heavy  tourist 
travel  and  where  ownership  of  automobiles  is  still 
largely  confined  to  the  wealthier  classes.  Despite 
these  exceptionally  favorable  factors,  the  financial  suc- 
cess of  the  autostrade  has  been  much  less  than  origi- 
nally anticipated,  and  their  future  as  business  ven- 
tures facing  the  competition  of  improved  free  roads  is 
problematical. 

2.  The  Long  Island  motor  speedway  was  built  by 
private  enterprise,  largely  on  the  initiative  of  a  single 
individual  whose  prestige  and  personal  interest  are  still 
regarded  as  chiefly  responsible  for  its  continued  exist- 
ence. Its  construction  almost  a  quarter  of  a  century 
ago  was  favored  by  conditions  which  could  not  be 
duplicated  to-day:  Comparatively  low  property  values 
along  the  right  of  way,  lack  of  good  public  roads,  and 
accessibility  to  the  first  large  automobile  market  in  the 
country,  New  York  City.  The  toll  rate — about  2% 
cents  per  mile — is  no  deterrent    to  its  de  luxe  traffic. 


ToLLUATE    Stji  I,  IN    EXISTENCE   <>.\    THE   ClREAT  FALLS  ToLI. 

Road,  Virginia 

The  character  of  this  traffic,  and  that  of  the  wealthy 
and  highly-developed  region  it  traverses,  have  given 
it  a  practical  monopoly  little  affected  by  the  improve- 
ment of  free  public  roads  nearby.  Nevertheless,  its 
operation  has  not  proved  profitable. 

3.  The  New  York  and  New  England  express  motor- 
way has  not  been  built.  Its  first  section  would  extend 
from  Tne  Bronx,  New  York  City,  to  New  Haven, 
Conn.,  a  distance  of  6.5  miles.  Purchase  of  the  right 
of  way  alone  for  these  65  miles,  paralleling  in  large 
part  the  line  of  the  New  York,  New  Haven  &  Hartford 
Railroad,  would  cost  approximately  $69, 000, 000,  and 
the  entire  cost  of  building  this  65-mile  highway  is 
estimated  at  $200,000,000.""  This  tremendous  cost  is 
explained  by  the  proposed  specifications  of  the  road- 
way: Right  of  way  200  feet  wide  in  rural  districts, 
120  feet  in  towns;  four  separate  tracks  for  traffic,  each 
25  feet  wide,  surfaced  with  concrete  or  other  high-type 
material;  the  two  inner  (no  speed  limit)  tracks  divided 
by  a  5-foot  gravel  space  and  a  fence;  the  outer  tracks 
divided  from  the  inner  tracks  by  20-foot  gravel  spaces; 
all  crossings  of  railroads  or  public  roads  to  be  by  under- 
pass or  overpass;  all  crossings  through  towns  or  cities 
to  be  on  elevated  structures,  carried  wherever  possible 
on  the  tops  of  specially  constructed  buildings  one  to 
four  stories  high;  all  approaches  and  exits  to   be  by 
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lesirable.     The   motor- 


ramps.  It  is  estimated  that  such  a  highway  could 
carry  200,000  cars  over  the  entire  distance  between 
the  Bronx  and  New  Haven  in  a  period  of  24  hours 
without  congestion  or  delay. 

As  originally  proposed,  the  speedway  was  to  be 
built  by  a  private  corporation  with  recapture  clauses 
permitting  each  State  through  which  it  passed  to  take 
possession  of  that  portion  of  the  motorway  lying 
within  its  borders,  whenever  < 
ways  corporation  was  to 
be  capitalized  at  probablv 
$20,000,000,  which  would 
be  raised  by  sale  of  stock 
to  concessionaires  of  a  bus 
line,  servicing  and  fueling 
enterprises,  and  contractors 
and  suppliers  of  materials. 
The  remaining  $180,000,000 
would  be  raised  by  the  sale 
of  debenture  bonds,  partici- 
pating in  the  net  earnings 
of  the  motorways  corpora- 
tion equally  with  the  stock. 
Ten  per  cent  of  the  total 
cost,  or  $20,000,000,  was  to 
be  set  aside  as  financing  ex- 
pense. The  promoters  esti- 
mated that  the  net  earnings 
of  the  motorway  would  be 
over  $20,000,000  per  annum, 
a  return  of  between  8  and 
12  per  cent  on  the  stocks 
and  bonds,  permitting  the 
motorway  to  earn  its  entire 
cost  within  a  10-year  period. 

As  these  are  estimated  as 
the  net  earnings  the  gross 
receipts  would  necessarily 
have  to  be  considerably 
larger.  For  a  rough  deter- 
mination of  the  feasibility 
of  the  project,  however, 
the  same  amount  may  be 
assumed  to  represent  the 
gross  receipts. 

The  following  figures  show 
the  volume  of  traffic  that 
would  be  required  to  pro- 
duce a  gross  income  of  $20,- 
000,000  per  year  which  is 
equivalent  to'  i^US, ()<)()  per 
mile  per  year,  or  $M4  per 
mile  per  day: 

At  1  cent  per  mile  toll 84,400  vehicles  per  da\ 

At  2  cents  per  mile  toll 12,200  vehicles  per  day 

At  3  cents  per  mile  toll .    28,133  vehicles  per  day 

At  4  cents  per  mile  toll _   21,100  vehicles  per  day 

At  5  cents  per  mile  toll .    16,880  vehicles  per  day 

At  6  cents  per  mile  toll 1  1,067  vehicles  per  day 

At  7  cents  per  mile  toll 12,057  vehicles  per  da'y 

At  8  cents  per  mile  toll 10.55(1  vehicles  per  day 

At  9  cents  per  mile  tolL.  9,378  vehicles  per  da'y 
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daily  averages  of  vehicles  passing  these  two  structures 
during  1930  were  respectively  32,930  and  33,660.  The 
2  cent  and  3  cent  rates,  which  roughly  correspond  to 
the  present  rates  on  the  Italian  autostrade  and  the 
Long  Island  Motor  Parkway,  may  also  be  discarded  as 
entailing  too  high  a  volume  of  traffic  to  meet  expenses. 
A  partial  measure  of  the  actual  current  traffic 
between  New  York  and  New  Haven  is  afforded  by 
traffic  counts  made  in  1930  at  Milford,  Conn.,  on  the 

Boston  Post  Road,  a  modern 
4-lane  highway  connecting 
the  two  cities,  which  show 
an  average  of  18,500  vehicles 
per  day  passing  that  point 
(annual  average).  (From  T. 
R.  Agg's  report  to  Highway 
Research  Council  in  Decem- 
ber, 1930.)  Assuming  that 
all  this  traffic  is  through 
traffic  between  the  two  cities, 
and  that  the  motorways 
would  secure  one-half  of  it, 
or  9,250  vehicles  per  day — 
both  of  which  assumptions 
are  entirely  unwarranted, 
considering  the  large  volume 
of  local  short-distance  traffic 
and  the  excellence  of  the 
live  Boston  Post  Road — the 
toll  rate  on  the  motorways 
would  necessarily  be  at  least 
9  cents  per  mile,  or  $5.85  for 
the  entire  distance. 

In  this  connection,  it  is 
noteworthy  that  where  pub- 
lic demand  for  express  high- 
ways has  been  greatest,  such 
highways  have  actually  been 
built  or  are  being  built  by 
public  funds  without  recourse 
to  the  toll  method  of  financ- 
ing. Some  of  these  high- 
ways would  meet  the  most 
difficult  requirements  of  the 
proponents  of  toll-supported 
superhighways.  To  cite  only 
a  single  example,  the  Hutch- 
inson River  Parkway  in 
Westchester  County,  N!"  Y., 
north  of  New  York  City,  is  a 
thoroughfare  14  miles  long, 
without  a  single  grade  cross- 
ing, landscaped  throughout 
in  an  elaborate  and  imposing  manner.  The  Westchester 
County  Park  Commission  which  built  this  road  also  has 
under  way  a  Pel  ham- Port  Chester  Parkway,  for  which 
the  right  of  way  has  been  purchased  by  county  funds  at  a 
cost  of  $4,410,000.  This  public  superhighway  wall  have 
two  separate  roadways,  each  44  feet  wide  (4-lane) 
and  although  it  passes  through  a  built-up  area,  it 
will  be  entirely  free  of  grade  crossings.     Such  projects 


An    average    of   84,400    vehicles    per   day    over    the  clearly  indicate  the  future  progress  of  public  highway 

entire  distance  of  65  miles,  at  1  cent  per  mile  toll,  is  development  in  regions  where  traffic  is  heaviest  (16). 
beyond  the  realm  of  possibility  for  many  years  to  come, 

and  this  minimum  rate  may  therefore  be  regarded  as  conditions  favorable  to  toll  roads  found  in  some 

entirely  impractical.     Probably  the  heaviest  volumes  regions 

of   traffic    in    America    to-day   occur   at    the   Holland  The  question  naturally  arises,  "Are  there  any  locali- 

Tunnel  under  the  Hudson  River  at  New  York,  and  at  ties    where    present-day    conditions    might    favor    the 

the    Delaware    River    Bridge    at    Philadelphia.     The  creation  of  toll  roads?" 
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In  view  of  the  essentials  previously  outlined  for 
theoretical  success  of  a  toll-road  project — economically 
strategic  location,  assured  volume  of  traffic,  reasonable 
rate  of  toll,  and  absence  of  competition — it  is  at  once 
apparent  that  opportunities  for  successful  toll  roads  in 
any  such  highly  developed  areas  as  the  United  States 
and  western  Europe  are  lacking,  since  nowhere  could 
these  basic  desiderata  be  guaranteed. 

In  less  developed  regions  of  the  world,  where  the 
need  for  improved  roads  is  a  vital  one,  and  yet  where 
public  funds  are  not  sufficient  to  finance  extensive  trunk- 
highway  development,  there  are  perhaps  localities  where 
the  toll  road  would  be  both  feasible  and  profitable. 

The  Argentine  project,  previously  mentioned,  to 
connect  Buenos  Aires  with  important  cities  several 
hundred  miles  distant,  is  a  case  in  point.  Although 
Argentina  has  the  highest  total  automobile  registration 
of  any  country  in  Latin  America,  and  the  highest  per 
capita  registration  of  any  country  in  the  Western 
Hemisphere  outside  of  the  United  States  and  Canada, 
it  possesses  to-day  less  than  500  miles  of  hard-surfaced 
roads.  There  are  now  365,000  automotive  vehicles  in 
Argentina,  of  which  35  per  cent  are  concentrated  in 
the  municipality  of  Buenos  Aires,  with  other  large 
proportions  in  the  districts  of  Cordoba  and  Bahia 
Blanca  which  the  proposed  toll  road  would  serve. 
Here,  then,  is  an  assured  volume  of  traffic  and  a  strate- 
gic location;  practical  absence  of  competition  is  indi- 
cated by  the  low  state  of  the  free  roads,  which  are 
passable  only  part  of  the  year.  With  a  conservative 
type  of  construction,  and  a  reasonable  rate  of  toll,  the 
success  of  such  a  project  is  possible. 

Similar  possibilities  might  be  found  in  other  coun- 
tries where  the  demand  for  improved  roads  already 
exists,  and  where  the  need  for  a  start  to  be  made  on  a 
national  highway  system  is  urgent.  In  such  localities 
the  toll  road  might  prove  worthy  of  serious  consideration 
as  the  initial  step  in  a  highway  program. 

PUBLIC  OPINION  GENERALLY  HOSTILE  TO  TOLL  ROADS 

In  the  final  analysis,  the  toll  road  must  answer  for 
itself  at  the  bar  of  public  opinion.  As  one  commenta- 
tor put  it,  in  reviewing  the  early  development  of  turn- 
pikes, "The  capital  supplying  the  turnpikes  .  .  .  was 
in  fact,  subjected  to  two  risks:  First,  the  ordinary 
business  risk;  and  secondly,  a  risk  incidental  to  the  fear 
of  arbitrary  interference  by  a  public  whose  precon- 
ceptions were  of  an  unfriendly  nature."  (Frederic  J. 
Whiting,  in  preface  to  Wood's  "Turnpikes  of  New 
England.")     That  double  risk  still  exists. 

Motor  vehicle  manufacturers  have  a  predominant 
interest  in  highway  development.  Their  complete 
opposition  to  the  toll-road  principle  was  expressed  in  an 
official  resolution  adopted  by  the  National  Automobile 
Chamber  of  Commerce,  which  numbers  among  its 
members  practically  all  of  the  passenger  car  and  truck 
manufacturers  of  America,  under  date  of  February  1, 
1928: 

Whereas,  the  free  use  of  the  public  highway  is  a  fundamental 
principle  of  Government;  and 

Whereas  motor  vehicle  owners  of  the  United  States  through 
special  taxes  are  to-day  largely  meeting  the  costs  of  the  construc- 
tion of  these  highways;  and 

Whereas  so-called  express  highways  are  simply  a  step  in  the 
further  improvement  of  our  public  highway  system  which  will 
be  found  necessary  in  those  localities  where  traffic  is  heavy  and 
congestion  great:  Therefore,  be  it 

44809—31- 


Resolved,  That  the  National  Automobile  Chamber  of  Com- 
merce opposes  any  effort  to  place  control  of  any  part  of  the  public 
highways  in  the  hands  of  private  promoters;  and  he  it  further 

Resolved,  That  the  National  Automobile  Chamber  of  Com- 
merce emphatically  supports  the  principle  that  the  public  high- 
ways shall  be  kept  forever  free  to  the  general  public  (17). 

The  public  will,  as  expressed  in  laws  of  Congress,  has 
shown  itself  to  be  opposed  to  the  toll-road  principle. 
Under  the  Federal-aid  road  act  of  1916,  Federal  aid  for 
toll  roads  is  prohibited,  and  all  highways  constructed 
or  reconstructed  under  provisions  of  that  act  "shall  be 
free  from  tolls  of  all  kinds."  In  1927,  it  is  true, 
Congress  passed  an  act  permitting  use  of  Federal  aid 
funds  on  construction  of  toll  bridges  and  approaches 
"providing  that  such  bridge  is  owned  and  operated  by 
the  State  or  a  political  subdivision  thereof,  and  tolls 
are  used  to  repay  the  State  and  permit  the  freeing  of 
the  bridge."  A  sharp  distinction  was  thus  drawn 
between  publicly  owned  and  privately  owned  struc- 
tures. To-day  the  only  roads  in  the  Federal-aid 
system  still  excluded  by  law  from  the  benefits  of 
Federal  aid  are  those  approaching  a  ferry  or  bridge 
built  by  private  individuals  or  private  companies  (17). 


A  Tollhouse  tn  Vermont,  Photographed  in  1912 

From  the  international  point  of  view,  a  significant 
change  in  the  public  attitude  toward  toll  roads  is  evi- 
denced in  the  proceedings  of  the  Permanent  Interna- 
tional Association  of  Road  Congresses.  This  associa- 
tion, headquarters  of  which  are  in  Paris,  is  officially 
supported  by  more  than  60  nations,  and  includes  among 
its  members  leading  engineers,  traffic  specialists,  and 
government  authorities  from  all  parts  of  the  world. 
At  its  fifth  congress,  held  in  1926  in  Milan,  Italy,  where 
the  first  autostrada  had  just  been  completed,  the  asso- 
ciation passed  resolutions  encouraging  the  construction 
in  all  countries  of  highways  reserved  exclusively  for 
motor  traffic,  and  advocating  the  use  of  the  toll  system 
as  a  means  of  financing.  The  delegates  of  the  United 
States  and  Great  Britain  abstained  from  voting  on  these 
resolutions,  making  a  formal  statement  to  the  congress 
in  which  they  described  public  sentiment  in  their  coun- 
tries as  being  opposed  to  the  toll  principle,  and  sug- 
gested that  as  regards  the  operation  of  toll-supported 
motor  roads,  "time  has  been  too  short  to  provide  expe- 
rience on  which  definite  conclusions  capable  of  general 
application  can  be  based"  (18). 

Despite  the  action  of  the  Milan  Congress,  the  ques- 
tion of  special  motor  roads  was  not  deemed  important 
enough  to  be  included  in  the  agenda  of  the  next  con- 
gress of  the  same  association,  held  in  Washington,  D.  C, 
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in  1930.  There  was  no  discussion  of  the  matter  in  the 
congress,  and  the  various  resolutions  adopted  by  the 
delegates  made  no  recommendation  on  the  subject. 
However,  in  a  preliminary  report  submitted  by  the  dele- 
gates from  Italy,  who  had  been  the  chief  proponents  of 
the  resolution  in  the  Milan  meeting,  the  following  note- 
worthy statement  was  made,  reflecting  a  much  more 
cautious  attitude  toward  toll  roads  than  was  the  case 
four  years  earlier. 

.  .  .  the  autostrada  can  not  expect  to  take  all  motor-vehicle 
traffic  from  the  ordinary  existing  roads,  even  for  journeys  of 
equal  length.  ...  It  is  true  that  where  the  autostrade  are  of 
the  same  length  or  connect  centers  already  served  by  ordinary 
routes  which  are  to  be  rebuilt  or  improved,  it  is  to  be  expected 
that,  after  the  completion  of  the  improvements,  automobile  traffic 
will  prefer  the  good  road  wdiich  is  free  to  the  autostrada,  which 
may  be  slightly  better  but  on  which  a  toll  is  charged.  Since, 
on  the  other  hand,  the  financial  scheme  of  the  autostrada  is 
based  principally  upon  the  number  of  vehicles  that  will  make 
use  of  it,  there  is  danger  of  failure  unless  the  ordinary  road  is 
or  becomes  so  congested  as  to  cause  those  motorists  w'ho  want 
to  make  higher  speed  or  enjoy  a  higher  class  of  service  to  aban- 
don it  in  favor  of  the  autostrada.  These  considerations  appear 
to  us  so  striking  that  they  can  not  fail  to  be  recognized  by  the 
authorities  and  boards  that  consider  the  requests  for  conces- 
sions and  by  the  statesmen  who  have  the  decision.  We  believe, 
therefore,  that  if  a  few  concessions  are  granted  under  the  above- 
mentioned  circumstances,  this  presupposes  an  anticipated  traffic 
density  sufficient  for  the  two  roads,  the  ordinary  and  the  spe- 
cial road,  or  an  encouragement  of  the  construction  of  the  auto- 
strada for  the  higher  reasons  of  general  benefit,  independently 
of  its  economic  success  as  an  industrial  enterprise  {19). 

The  latest  official  pronouncement  on  the  subject  of 
toll  roads,  expressing  complete  opposition  to  the  toll 
principle,  is  contained  in  the  Official  Report  of  the 
Royal  Commission  on  Transport  of  Great  Britain, 
issued  at  the  end  of  1930.  A  section,  of  the  report 
headed  "Motorways"  reads  as  follows: 

Periodically  proposals  are  put  forward  for  the  construction 
by  private  enterprise  of  special  roads  reserved  for  motor  traffic. 
The  suggestion  is  that  the  necessary  capital  should  be  sought 
in  the  open  market  and  that  the  promoters  should  look  for  their 
revenue  to  the  tolls  to  be  charged  to  users.  The  commissioners 
are  strongly  opposed  to  any  suggestion  of  this  nature.  They 
have  recommended  the  abolition  of  tolls  and  are  not  prepared 
to  support  any  proposal  which  would  have  the  effect  of  creating 
new  tolls  or  prolonging  the  life  of  existing  tolls  (SO). 


Sturgis  &  Walton  Co.,  1912. 
Scribners,  1914, 
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THE  EFFECT  OF  VIBRATION  ON  THE  PRESSURE  OF 
CONCRETE  AGAINST  FORM  WORK 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests,  United  States  Bureau  of  Public  Roads 

use  to-day  and  all  of  these  tend  to  give  temporary 
fluidity  to  very  dense  dry  concrete  mixtures  which,  as 
a  rule,  could  not  be  placed  without  vibration. 

In  the  course  of  a  research  project  dealing  with 
another  subject  at  the  Arlington  Experiment  Farm,  Va., 
in  the  spring  of  1930,  an  opportunity  was  presented  to 
obtain  a  limited  amount  of  data  concerning  the  effect 
of  vibration  on  the  pressure  of  concrete  against  deep 
forms,  and  these  limited  data  are  being  presented  in 
this  report  in  the  hope  that  they  may  be  of  use  to 
those  who  have  this  problem  before  them. 


FROM  time  to  time  during  the  past  35  or  40  years 
several  investigators  have  made  experimental  deter- 
minations of  the  pressure  of  freshly  placed  concrete 
against  the  form  work.  As  a  result  of  experiments  per- 
formed in  1894,  Ernest  McCullough  found  that  the 
pressure  obtained  was  equivalent  to  that  of  a  fluid 
weighing  80  pounds  per  cubic  foot. 

Later  experiments  by  other  engineers  indicated  that 
the  maximum  pressure  obtainable  was  equivalent  to 
that  of  a  fluid  weighing  140  to  150  pounds  per  cubic 
foot.  Among  those  whose  efforts  are  noteworthy  are 
F.  R.  Shunk,1  E.  B.  Germain,2  A.  B.  McDanieJ  and 
N.  B.  Garver,3  and  R.  A.  Sherwin.4  Still  later  efforts 
were  made  to  express  in  empirical  formulas,  terms 
which  would  take  care  of  such  variables  as  temperature 
and  rate  of   fill.     Paaswell5  derived  such  a  formula, 


Figure    1. 


-Electric   Form   Vibrator   Attached 
Form  Batten 


making  use  of  the  experimental  work  of  Major  Shunk 
a  decade  before,  and  E.  B.  Smith,6  in  reporting  a  series 
of  tests  by  the  United  States  Bureau  of  Public  Roads, 
derived  a  formula  based  upon  the  data  obtained  in  the 
tests  reported  by  him. 

While  the  conclusions  reached  by  these  investigators 
are  not  in  complete  accord,  their  work  has  been  of  great 
value  to  engineers  in  designing  form  work,  particularly 
deep  forms  such  as  walls  and  columns. 

Recently  there  has  appeared  a  new  factor  which 
seems  likely  to  have  an  important  effect  on  the  design 
of  form  work  and  that  is  the  method  of  consolidating 
concrete  by  vibration.     Several  such  methods  are  in 


1  Pressure  of  Concrete  on  Forms,  by  Francis  R.  Shunk.  Engineering  News,  vol.  62, 
No.  11,  Sept.  9,  1909,  p.  288. 

*  The  work  of  Germain  and  McCullough  is  referred  to  in  the  paper  by  McDaniel 
and  Garver.    (See  footnote  3,  first  reference). 

>  Pressure  of  Wet  Concrete  on  the  Sides  of  Column  Forms,  by  A.  B.  McDaniel  and 
N.  B.  Garver.  Engineering  News,  vol.  75,  No.  20,  May  18,  1916,  p.  932;  and  Wet 
Concrete  Pressure  on  Column  Forms,  by  the  same  authors.  Concrete,  vol.  10,  No.  5, 
May  1917,  p.  191. 

*  Designing  Concrete  Formwork  Reduces  Costs,  by  R.  A.  Sherwin.  Engineering 
Record,  vol.  73,  No.  9,  Feb.  26,  1916,  p.  278. 

s  Pressure  of  Concrete  in  Forms,  by  George  Paaswell.  Engineering  and  Contract- 
ing, vol.  53,  No.  8,  Feb.  25,  1920,  p.  209. 

9  Concrete  Pressure  Against  Forms,  by  Earl  B.  Smith.  Public  Roads,  vol.  2, 
No.  23,  March,  1920,  p.  15. 
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Figure   2. — Details  of  Pressure   Cell  Installation 

tests  made  on  12-foot  columns 

The  forms  which  were  used  in  these  tests  were  for 
columns  12  feet  high,  2  feet  wide,  and  8  inches  thick. 
They  were  made  of  a  2-inch  tongue  and  groove  wood 
planking  and  were  water-tight.  The  surface  against 
which  the  concrete  was  placed  was  oiled. 

The  concrete  used  in  all  of  the  specimens  was  of  the 
same  proportions,  aggregates,  and  grading,  although 
the  consistency  varied  w  th  the  different  specimens. 
The  proportions  used  were  1:2:4  by  volume,  with  all 
materials  batched  by  weight.  The  coarse  aggregate 
was  a  well  rounded  local  gravel  with  a  maximum  size 
of  1  %  inches  and  the  fine  aggregate  was  a  fairly  coarse 
sand  from  the  Potomac  River. 

The  rate  of  fill  was  nearly  the  same  in  all  of  the  five 
columns  on  which  pressure  measurements  were  made 
and  was  approximately  20  feet  per  hour. 

In  two  of  the  forms  consolidation  was  accomplished 
by  hand  spading  and,  in  these,  concretes  showing 
slumps  of  3%  and  l)'t  inches,  respectively,  were  used. 
The   other  three   forms  were  vibrated  and,  in  these, 
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concretes   showing  slumps  of   1%   3%,   and   5   inches, 
respectively,  were  used. 

The  hand  spading  was  very  thoroughly  done,  being 
started  as  soon  as  the  first  concrete  was  placed  in  the 
form.  The  vibration  was  supplied  by  a  special  electric 
form  vibrator  clamped  securely  to  the  exterior  of  the 
form.  This  vibrator  consists  of  an  electric  motor 
carrying  an  eccentric  weight  on  the  shaft  and  operating 
at  the  high  frequency  of  3,600  vibrations  per  minute. 
It  is  shown  attached'to  a  form  batten  in  Figure  1. 


Figure  3. — Auxiliary  Equipment  Used  With  Pressure  Cells 

The  tests  were  made  during  April  and  the  tempera- 
tures were  rather  low  (49°  to  62°  F.)  except  in  the  case 
of  one  section  where  the  concrete  was  placed  at  a  tem- 
perature of  74°  F. 

MEASUREMENTS  MADE  WITH  SOIL  PRESSURE  CELLS 

In  order  to  measure  the  pressure  of  the  concrete 
against  the  side  of  the  column  form  four  soil  pressure 
cells,  of  the  type  developed  by  the  bureau,  were  set 
into  the  side  of  the  form  at  various  heights  as  shown 
in  Figure  2.  This  device  consists  of  a  flat  cylindrical 
metal  box,  one  face  of  which  is  slightly  movable  but 
is  tightly  sealed  by  a  thin  metal  diaphragm.  Normally 
the  two  faces  of  the  box  (ends  of  the  cylinder)  are  in 
contact  internally  and  this  contact  closes  an  electrical 
circuit.  External  pressure  tends  to  maintain  this 
contact.  If  air  under  pressure  is  introduced  into  the 
box  or  cell  through  the  small  pipe  provided  for  the 
purpose,  it  will  tend  to  expand  the  walls  and  when 
the  internal  pressure  just  exceeds  the  external  pressure 
on  the  cell  face,  actual  movement  of  one  end  will  occur. 


Figure  4. — General  View  of  the  Columns  on  which  Pres- 
sure  Measurements  Were  Made 

This  movement  interrupts  the  electrical  indicating 
circuit  and  if  the  air  pressure  present  in  the  cell  at  this 
moment  is  measured  by  suitable  gauges,  the  external 
pressure  on  the  face  of  the  cell  is  determined.  The 
movement  necessary  to  break  this  circuit  is  extremely 
small  and  repeated  tests  have  indicated  that  the 
device  is  thoroughly  reliable,  if  properly  installed  and 
carefully  used.  The  pressure  cell  and  its  use  has 
been  described  in  detail  elsewhere.7  The  case  contain- 
ing the  pressure  gauges,  air  tank,  control  valves,  and 
indicating  light  is  shown  in  Figure  3. 

Figure  4  shows  several  of  the  columns  after  the  forms 
had  been  removed.  The  circular  spots  on  the  concrete 
are  oil  stains  showing  where  the  greased  surfaces  of 
the  pressure  cells  were  in  contact  with  it. 

The  procedure  followed  in  reading  pressures  was  as 
follows:  The  gauges  were  first  attached  to  the  cell 
nearest  the  base  of  the  form  (cell  No.  1 ;  see  fig.  2),  and 
the  pressure   exerted   against   this   cell  was  measured 
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SLOPE    EQUIVALENT     TO    FLUID   WEIGHING' 
150  LBS.  PER   CUBIC    FT    (AVERAGE    WT.  OF 
CONCRETE     149.6    LBS   PER   CUBIC    FOOT.) 


4  6  8 

head  of  concrete  -feet 

Figure  5. — Curves  and  Plotted  Points  Showing  Pressure 
as  a  Function  of  Head  for  all  Columns  During  Period 
of  Filling.     Data  Obtained  from  Cell  No.  1  Only 

'An  Apparatus  for  Determining  Soil  Pressures,  by  A.  T.  Goldbeok  and  Earl  B. 
Smith.    Proc.  Am.  Soc.  for  Testing  Materials,  Vol.  XVI,  Tart  II,  1916,  p.  309. 
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Figure  6. — Pressure   Diagrams   for   all   Columns 


periodically  as  the  form  was  being  rilled.  The  pressure, 
head  of  concrete,  and  the  elapsed  time  since  the  filling 
started  were  recorded.  As  soon  as  the  form  was  full, 
periodic  readings  on  all  four  cells  were  begun.  These 
observations  were  continued  at  15,  30,  or  60-minute 
intervals  for  several  hours. 

Practically  all  of  the  data  obtained  have  been  in- 
cluded in  the  graphs  which  accompany  this  report.  It 
may  be  observed,  however,  that  certain  data  pertaining 
to  cell  No.  1  and  column  5  are  not  shown  in  Figure  6 
and  an  explanation  for  this  omission  is  offered.  For 
some,  reason  not  entirely  clear,  there  was  noticeable 
segregation  in  the  first  batch  of  concrete  placed  in  the 
base  of  this  column.  Perhaps  this  was  due  to  the 
violence  of  the  vibration,  perhaps  not.  The  result  of 
the  segregation  was  that  the  concrete  in  front  of  cell 
No.  1  in  this  particular  column  gradually  lost  its  fine 
material  and  its  fluidity  and  the  pressure  data  for  this 
cell  were  affected  accordingly,  as  will  be  noted  in  the 
discussion  later.  The  condition  described  can  readily 
be  seen  in  the  photograph  of  the  columns  (fig.  4)  in 


which  column  5  is  the  one  in  the  center,  farthest  from 
the  camera.  The  fine  material  collected  in  the  bottom 
of  the  form  in  a  layer  about  'A  inches  in  thickness. 

DATA  SHOW  FLUID  CHARACTERISTICS  OF  VIBRATED  CONCRETE 

For  the  purpose  or  comparing  the  effect  of  the  two 
methods  of  consolidation  used,  the  pressure  readings  for 
cell  No.  1  of  each  column  during  the  period  ot  the 
filling  of  the  forms,  expressed  as  a  function  of  head  of 
concrete,  are  grouped  in  Figure  ">.  It  will  be  noted 
that,  for  the  hand-spaded  columns,  even  when  con- 
crete having  a  slump  of  7%  inches  was  used,  the  con- 
crete at  the  bottom  of  the  form  had  ceased  to  act  as  a 
fluid  long  before  the  form  was  filled.  The  pressures  in- 
creased hydrostatically  up  to  a  certain  value,  after 
which  they  decreased.  This  maximum  pressure  ap- 
pears to  increase  with  the  fluidity  of  the  concrete,  as 
indicated  by  the  slump  test.  In  the  case  of  the  vibrated 
concrete,  however,  the  fluidity  was  retained  even  for 
concrete  having  a  slump  of  only  1%  inches  so  long  as 
the  vibration  was  continued. 
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It  is  obvious  that  the  complete  fluidity  of  concrete 
with  a  f  2-foot  head  is  a  matter  for  careful  consideration 
in  form  design. 

In  Figure  6  are  pressure  diagrams  for  all  five  columns 
at  three  periods  of  time.  Since  the  first  curve  for 
each  column  represents  the  pressure  condition  at  the 
time  the  forms  were  just  filled,  the  maximum  pressure 
is  not  always  shown.  In  the  hand  spaded  columns  the 
maximum  pressures  were  recorded  on  cell  No.  1  at 
some  time  before  the  forms  were  full.  The  rate  and 
manner  in  which  the  pressure  decreased  during  the 
first  two  hours  after  the  concrete  was  placed  is  indi- 
cated by  the  diagrams.  It  will  be  seen  that  in  the 
columns  which  were  vibrated  all  of  the  pressure  cells, 
except  cell  No.  1,  column  5,  indicate  that  the  entire 
mass  is  acting  as  a  fiuid  which  weighs  about  150 
pounds  per  cubic  foot  at  the  time  when  the  form  is 
just  filled. 
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Figure  8. — Curves  of  Pressure  as  a  Function'  of  Time  for 
Columns  4  and  5,  Placed  at  Different  Temperatures 
Data  Obtained  from  Cell  No.  2  Only 

In  both  Figures  5  and  6,  the  effect  of  the  segregation 
in  the  bottom  of  column  5  is  noticeable.  Since  Figure 
5  includes  only  the  data  from  cell  No.  1,  the  points 
shown  for  column  5  in  this  figure  give  an  erroneous 
idea  of  the  condition  of  the  concrete  in  this  column. 
The  pressure  diagram  for  column  5  in  Figure  6  shows 
that  the  entire  mass  of  the  concrete  above  cell  No.  1 
was  in  a  fiuid  condition  at  the  time  that  the  filling  of 
the  form  had  just  been  completed. 

It  is  interesting  to  compare  the  pressure  diagrams 
(fig.   6)   for  column  2   (hand  spaded,    7/>-inch   slump) 


with  those  for  column  4  (vibrated,  l}o-inch  slump)  and 
note  that  vibration  appears  to  be  much  more  effective 
than  water  for  obtaining  a  fluid  condition  in  con- 
crete. 

While  Figure  G  shows  in  a  rough  way  the  pressure 
variation  with  time  for  the  different  columns,  in 
Figure  7  this  relation  for  two  of  the  columns  (2  and  4) 
is  given  in  more  detail  and  for  a  longer  period  of 
time. 

The  most  striking  thing  about  these  data  is  the  great 
difference  in  the  residual  pressures  resulting  from  the 
two  types  of  consolidation. 

After  the  2-hour  period  there  seems  to  be  a  tendency 
for  the  pressures  to  fluctuate,  some  increasing,  others 
decreasing  in  a  more  or  less  orderly  way.  The  cause 
for  this  is  not  known  although  it  is  thought  that  ab- 
sorption of  moisture  by  the  wooden  forms  may  have 
caused  slight  and  gradual  warping  of  the  forms  which, 
acting  against  the  stiffening  concrete,  would  produce 
such  an  effect. 

TEMI'ERATUHE  EFFECT  AIM' AKENTLY  NOT  IMPORTANT 

In  order  to  determine  whether  there  was  any  indi- 
cation in  the  data  of  temperature  effect  on  pressures, 
Figure  8  was  prepared.  These  curves  of  time-pressure 
relation  for  columns  4  and  5  represent  conditions  in  two 
specimens  of  concrete,  both  of  which  were  in  a  fluid 
state  at  the  completion  of  the  filling  of  the  forms.  The 
comparison  was  made  on  these  specimens  because  of  the 
comparatively  large  temperature  difference  which  ob- 
tained (25°  F.)  Since  a  comparison  could  not  be  made 
on  cell  No.  1  for  the  reasons  previously  described,  the 
data  from  cell  No.  2  on  each  column  were  used. 
Unfortunately  for  this  comparison,  another  variable 
(consistency)  is  present,  which  may  influence  the  rela- 
tion to  some  extent.  In  spite  of  these  factors,  it  is 
indicated  that  moderate  variations  in  temperature  did 
not  greatly  affect  the  pressure  value  or  rate  of  change 
in  these  tests. 

It  is  recognized  that  the  tests  are  extremely  limited 
in  scope  and  no  attempt  has  been  made  to  draw  any 
very  definite  conclusions.  The  data  regarding  the 
hand  spaded  columns  are  in  general  agreement  with 
those  of  other  investigators  and  those  obtained  on  the 
vibrated  columns  are  sufficiently  conclusive  to  indicate 
the  importance  of  giving  consideration  to  this  matter 
in  the  design  of  forms  where  consolidation  by  vibration 
is  contemplated. 


MOTION-PICTURE   FILMS   ON    ROAD    CONSTRUCTION 

AVAILABLE 


A  number  of  motion  pictures  have  been  prepared  for 
the  Bureau  of  Public  Roads  by  the  Office  of  Motion 
Pictures,  United  States  Department  of  Agriculture. 
These  pictures  cover  a  variety  of  topics  including  the 
construction  of  various  types  of  road,  highway  research, 
forest  and  national  park  roads,  historical  subjects,  and 
road  budding  in  Latin  America. 

The  purpose  of  these  films  is  to  acquaint  the  public 
with  the  methods  and  significance  of  highway  work,  to 
gam  public  cooperation,  and  to  spread  the  knowledge 
of  improved  methods  in  the  construction  of  roads. 
Persons  or  agencies  desiring  to  borrow  films  should 
make  application  to  the  Office  of  Motion  Pictures, 
Extension  Service,  United  States  Department  of  Agri- 
culture, Washington,  D.  C,  indicating  specific  dates 
and,  if  possible,  alternative  dates,  on  which  they  are 
desired  for  use.  The  films  are  furnished  free  of  charge, 
except  for  transportation,  which  the  borrower  is  re- 
quired to  pay  both  ways. 

There  follows  a  list  of  the  available  films,  with  a  brief 
description  of  each. 

TYPES  OF  ROADS 

Low-Cost  Road  Surfaces — First  Stage.  —  Indicates  the 
savings  in  motor-vehicle  operating  costs  made  possible 
by  low-cost  road  surfaces.  Outlines  the  essential  opera- 
tions in  the  construction  of  the  three  representative 
types  of  low-cost  untreated  surfaces — gravel,  sand-clay, 
and  topsoil.     (2  reels.) 

Low-Cost  Road  Surfaces — Second  Stage. — Shows  that 
some  form  of  surface  treatment  is  usually  necessary  on 
low-cost  surfaces  where  the  traffic  exceeds  500  vehicles 
per  day.  Describes  the  construction  operations  for  the 
representative  bituminous  surface  treatments  as  used 
in  Florida,  Tennessee,  and  South  Carolina.     (1  reel.) 

Mixed-In-Place  Bituminous  Surfaces. — The  methods 
employed  in  the  construction  of  the  mixed -in-placc 
bituminous  surfaces  in  the  far  Western  States,  the  alter- 
nate "plant-mixed"  type  as  used  in  California,  and  the 
retread  surface  as  developed  in  Indiana  and  other  Mid- 
dle Western  States.      (2  reels.) 

Penetration  Bituminous  Macadam. — Methods  of 
equipment  used  in  the  construction  of  penetration 
bituminous  macadam  surfaces,  which  have  reached  a 
high  degree  of  perfection  in  the  New  England  States, 
particularly  in  Massachusetts  and  Rhode  Island. 
(1  reel.) 

Hot-Mixed  Bituminous  Pavements. — The  essential 
features  in  the  design  and  construction  of  "hot-mixed" 
bituminous  surfaces,  including  coarse-aggregate  asphal- 
tic  concrete,  fine-aggregate  asphaltic  concrete,  and 
sheet  asphalt.     (1  reel.) 

Concrete  Road  Construction. — Illustrates  the  essential 
requirements  in  the  design  of  concrete  pavements  to 
provide  the  necessary  stability  to  resist  the  destructive 
action  caused  by  the  volume,  weight,  and  speed  of 
modern  motor  traffic.  Shows  the  principal  operations 
in  the  most  advanced  methods  of  concrete  pavement 
construction.     (2  reels.) 

Brick — From  Clay  to  Pavement. — The  progress  of  clay 
through  the  plant  until  it  is  laid  on  the  road  as  vitrified 
paving  brick;  some  finished  brick  roads.     Of  general 
technical  interest.     (1  reel.) 
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Granite  Block  Paving. — From  the  quarry  to  the  fin- 
ished pavement  in  large  cities.  Of  general  technical 
interest.     (1  reel.) 

HIGHWAY  RESEARCH 

Impact  of  Traffic  on  Roads. — Tests  made  by  the  Bu- 
reau of  Public  Roads  to  determine  accurately  the  effect 
on  highways  of  the  pounding  tendencies  of  motor- 
vehicle  wheels.  Many  tests  in  detail.  Of  special 
interest  to  road  engineers.     (1  reel.) 

The  Bates  Road  Tests. — The  story  in  pictures  of  one 
of  the  most  important  road  tests  in  highway  history, 
depicting  the  methods  by  which  a  road  was  built  to  be 
destroyed.      (1  reel.) 

America's  Great  Bridge  Test. — A  technical  study  of 
the  tests  made  to  determine  the  strength  of  a  modern 
reinforced  arch  bridge;  made  on  the  Swift  Island  Bridge 
over  the  Peedee  River  in  North  Carolina.     (1  reel.) 

FOREST  ROAD  BUILDING 

Around  the  West  by  Forest  Roads. — Examples  of  forest 
roads  built  by  the  Bureau  of  Public  Roads  in  Colorado, 
Oregon,  California,  and  Arizona.  Of  general  interest. 
(1  reel.) 

Building  Forest  Roads. — Men  and  machinery  at  work 
in  the  national  forests,  pushing  good  highways  through 
the  great  mountains  and  woodlands.  Of  general  inter- 
est.    (1  reel.) 

Highroads  and  Skyroads. — Building  Government 
roads  through  the  national  forests;  obstacles  overcome 
and  scenic  beauties  reached.  Of  general  interest, 
(lreel.) 

Roads  from  Surf  to  Summit. — Scenic  wonders  of  the 
national  forests  of  the  Pacific  Coast  States  now  revealed 
by  modern  highways:  Lake  Crescent  in  the  Olympic 
National  Forest,  Mount  Hood,  Mount  Rainier,  Mount 
Baker,  Mount  Shuksan,  and  other  natural  wonders. 
(1  reel.) 

Roads  to  Wonderland. — Scenic  spots  reached  by 
roads  that  are  being  built  by  the  Federal,  State,  and 
county  Governments,  Mount  Hood  in  the  Oregon 
National  Forest;  Crater  Lake  in  Crater  Lake  National 
Park;  and  Yosemite  National  Park.  Of  general 
interest.     (1  reel.)- 

The  Road  Goes  Through. — HowT  the  western  road 
builder  overcomes  barriers  to  transportation  and  builds 
the  modern  roads  of  our  national  forest  and  Federal-aid 
highway  systems.     (1  reel.) 

NATIONAL  PARK  ROAD  BUILDING 

Roads  in  Our  National  Parks.— A  panorama  of  the 
service  performed  by  the  Bureau  of  Public  Roads  in 
constructing  modern  highways  in  our  Western  National 
Parks.  The  scenic  wonders  of  Yosemite,  Glacier, 
Rocky  Mountain,  Mount  Rainier,  Mount  Lassen,  and 
Mesa  Verde  National  Parks  make  this  film  one  of  the 
unusual  beauty  and  interest.     (1  reel.) 

j.  1  Road  Out  of  Rock. — How  engineers  and  road  build- 
ers overcome  huge  obstacles  to  construct  a  modern 
highway  through  Glacier  National  Park.  Details  of 
construction  of  a  road  which  now  brings  the  magnif- 
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icent  "Garden  Wall,"  picturesque  Lake  McDonald, 
and  other  scenic  wonders  of  the  park  within  easy  reach 
of  the  tourist.     (1  reel.) 

The  Men  Who  Build  the  Roads. — A  tribute  to  the 
courage  and  ingenuity  of  the  builders  of  our  mountain 
highways;  glimpses  of  the  builders  engaged  in  the  task 
of  penetrating  the  rocky  barriers  of  Glacier  National 
Park  with  a  modern  road.     (1  reel.) 

New  Roads  in  Rainier. — A  picturization  of  the  work 
performed  by  the  Bureau  of  Public  Roads  in  improving 
the  highways  that  make  the  natural  wonders  of  Mount 
Rainier  National  Park  so  easily  accessible  to  the  public. 
Majestic  Mount  Rainier  with  its  perpetual  ice-capped 
peak  and  the  28  glaciers  which  clothe  its  sides,  offer 
a  scenic  background  of  unusual  beauty  for  this  film. 
(1  reel.) 

Rocky  Mountain  Park  Roads.— The  construction  of 
the  new  road  into  Colorado's  famous  national  park 
under  the  supervision  of  the  Bureau  of  Public  Roads 
engineers.  Long's  Peak,  14,225  feet  above  sea  level, 
the  Continental  Divide,  and  picturesque  Fall  River 
Canyon,  reached  by  this  new  highway,  provided  scenic 
material  for  the  cameraman.     (1  reel.) 

Yosemite's  New  Roads. — The  planning  and  building 
of  new  roads  into  the  Yosemite  National  Park  by  the 
engineers  of  the  Bureau  of  Public  Roads.  Yosemite 
Falls,  2,350  feet,  highest  in  the  world,  El  Capitan, 
and  the  exquisite  beauty  of  the  Yosemite  "back 
country"  feature  the  scenic  views  included  in  this 
film.     (1  reel.) 

HISTORICAL 

Travelers'  Toll. — Shows  how  the  public  pays  for  good 
roads;  how  the  gasoline  tax  serves  the  same  purpose  as 
the  turnpike  toll.     (3  reels.) 

Wheels  oj  Progress. — A  pictorial  tale  of  transporta- 
tion in  America  from  the  day  of  the  bicycle  and  the 
fancy  turnout  to  modern  methods  of  transportation. 
How  the  gasoline  engine  revolutionized  American  trans- 
portation and  how  the  motor  car  and  the  truck  are 
contributing  to  progress  and  prosperity  in  the  United 
States.     (1  reel.) 

MISCELLANEOUS 

Crossing  the  Great  Salt  Desert. — Difficulties  overcome 
by  engineers  in  building  the  Wendover  Road,  a  short 
cut  across  the  Great  Salt  Desert  in  Utah;  unusual  road 
engineering;  mirages.     Of  general  interest.     (1  reel.) 

Road  Building  in  the  United  States. — Methods  of 
building  important  types  of  highway  in  the  United 
States,  as  seen  by  the  Pan  American  Highway  Com- 
mission on  a  tour  of  this  country;  topsoil,  gravel,  pene- 
tration macadam,  concrete,  and  asphaltic  concrete 
roads;  how  the  work  is  financed.  Of  general  interest. 
(2  reels.) 

A  Highway  of  Friendship. — Reception  of  the  Pan 
American  Highwaj^  Commission  by  Federal  and  State 
officials  and  people  of  States  visited;  interesting  places 
and  events  in  North  Carolina,  Kentucky,  Ohio,  Illinois, 
Minnesota,  Wisconsin,  Michigan,  Pennsylvania,  New 


Jersey,  and  the  city  of  Washington.     Of  general  in- 
terest.    (2  reels.) 

Roads  for  All  America. — Visit  to  Buenos  Aires, 
Argentina,  of  the  United  States  delegation  to  the  first 
Pan  American  Road  Congress.  The  Pan  American 
Highway  commission  with  President  Coolidge,  the 
Panama  Canal,  types  of  highways,  scenes  of  general 
interest,  and  leading  men,  including  the  Presidents  of 
Panama,  Peru,  Chile,  Argentina,  Uruguay,  and  Brazil. 
Of  general  interest.     (6  reels.) 

SOUTH  AMERICAN  ROAD  BUILDING 

Highways  of  Argentina. — A  sight-seeing  tour  of  the 
wealthy  capital  of  Buenos  Aires  over  its  broad  avenues; 
an  inspection  trip  of  the  rural  road  construction  in  the 
Provinces  of  Cordoba,  Santa  Fe,  and  Entre  Rios.  Of 
general  interest.     (1  reel.) 

Highways  of  Brazil.-^  Traffic  on  the  streets  and  drives 
of  Rio  de  Janeiro;  the  high-type  concrete  pavement  to 
Petropolis;  the  road  to  Sao  Paulo,  the  coffee  center; 
the  Paineiras  road ;  and  typical  road  construction  scenes. 
Of  general  interest.     (2  reels.) 

Highways  of  Chile. — An  automobile  trip  from  the 
seaport  of  Santiago  to  the  capital  at  Valparaiso,  annual 
review  of  the  crack  military  and  naval  cadets  and  the 
transportation  facilities  of  the  rich  copper  and  nitrate 
mines  in  northern  Chile.    Of  general  interest.     (2  reels.) 

Highways  of  Peru. — The  remains  of  the  early  highway 
system  laid  out  by  the  Incas,  the  modern  highway  sys- 
tem under  construction  following  the  plan  of  the  Incas, 
and  the  great  national  obstacles  to  road  construction. 
Of  general  interest.     (2  reels.) 

Highways  of  Uruguay. — The  well-paved  and  lighted 
avenues  of  Montevideo,  the  roads  radiating  into  the 
agricultural  and  cattle-raising  regions,  the  new  road 
under  construction  from  Montevideo  to  Colonia,  and 
characteristic  scenes  of  the  country.  Of  general  in- 
terest.    (1  reel.) 

Highways  of  Venezuela. — A  loop  automobile  trip  from 
the  harbor  of  La  Guaira,  on  the  northern  coast  of  Vene- 
zuela, to  the  capital  at  Caracas,  and  through  the  fertile 
agricultural  region  in  the  vicinity  of  Maracay  and  Va- 
lencia to  Puerto  Cabello  on  the  Caribbean  Sea.  Of 
general  interest.     (2  reels.) 

Highway  Glimpses  of  Colombia  and  the  Dutch  West 
Indies. — Street  and  rural  road  scenes  in  the  vicinity  of 
Puerto  Colombia  and  Barranquilla  in  Colombia  and 
traffic  at  Willemstad  on  the  Island  of  Curacao  in  the 
Caribbean  Sea.     Of  general  interest.     (1  reel.) 

Highway  Glimpses  of  Panama. — Business  activity  of 
the  streets  of  the  new  city  of  Panama  contrasted  with 
the  ruins  of  Old  Panama  laid  waste  by  the  buccaneer 
and  freebooter,  Sir  Henry  Morgan,  and  the  rural  road 
development  of  the  Republic.  Of  general  interest. 
(2  reels.) 

Highway  Glimpses  of  Trinidad. — The  superb  highway 
system  of  the  island,  the  natural  bituminous  deposit 
of  Asphalt  Lake,  which  is  the  source  of  material  for 
many  streets  and  roads  in  the  United  States,  and  typical 
road  construction  scenes.     Of  general  interest.     (1  reel.) 
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Reported  by  L.  A.  ABBOT,  Associate  Statistical  Engineer,  United  States  Bureau  of  Public  Roads 


DURING  the  year  1930  there  were  26,523,779 
different  motor  vehicles  regularly  registered  by 
the  various  States  and  the  District  of  Columbia, 
according  to  reports  received  by  the  Bureau  of  Public 
Roads.  The  States  and  the  District  of  Columbia  col- 
lected in  registration  fees,  licenses,  operators'  permits, 
fines,  etc.,  gross  receipts  totaling  $355,704,860. 

If  the  above  two  figures  for  the  year  1930  are  com- 
pared with  similar  totals  for  1929,  it  will  be  noted  that 
there  was  a  gain  in  registration  of  22,336  motor  vehicles, 
or  only  eight  hundredths  of  1  per  cent,  and  a  gain  in 
receipts  of  $7,861,317,  or  2.3  per  cent. 

The  10-year  growth  in  registration  is  shown  in  Table 
1,  covering  the  years  1921  to  1930,  inclusive.  The 
first  three  columns  show  the  generally  used  method  of 
comparing  each  total  to  the  previous  year  and  basing 
the  increase  and  percentage  of  increase  on  the  preceding 
year  regardless  of  whether  or  not  it  was  a  peak,  aver- 
age, or  depressed  year.  The  last  three  columns  show 
the  results  obtained  by  using  a  constant  basis  (the 
year  1921).  The  last  column  shows  that  1929,  with 
more  than  19  per  cent  increase  over  the  preceding 
year,  on  the  1921  basis,  was  a  remarkable  year  in 
motor  vehicle  expansion. 

Table  1. —  Ten-year  growth  in  motor-vehicle  registration,  from 
1921  to  1980,  inclusive,  showing  accumulated  increase  since 
1921,  with  amiual  increases  based  on  1921 


Year 

Total  motor 

vehicles 

registered 

Increase    over    pre- 
vious year 

Accumulated  increase 
over  1921 

Annual 
per  cent 
increase 

Number 

Per  cent 

Number 

Per  cent 

based 
on  1921 

1921 

10,463,295 
12,  238,  375 
15,  090,  936 
17,  593,  677 
19,  937,  274 
22,  001,  393 
23, 133,  241 
24.  493, 124 
26,501,443 
26,  523, 779 

1922 . 

1, 775,  080 
2,852,561 
2,  502,  741 
2,  343,  597 
2,064,119 
1,131,848 

1,  359,  883 

2,  008,  319 

22, 336 

17.0 
23.3 
16.6 
13.3 
10.4 
5.1 
5.9 
8.2 
.1 

1,  775, 080 
4.627,641 
7, 130,  382 
9,  473,  979 
11,538,098 
12, 669, 946 
14,  029,  829 
16,  038, 148 
16,  060,  4S4 

17.0 
44.2 
68.1 
90.3 
110.2 
121.  1 
134.  1 
153.3 
153.  5 

1923 

27.2 

1924 

23.9 

1925 _ 

1926 

22.2 
19.9 

1927 

10.9 

1928 

13.0 

1929 

19.2 

1930 

.2 

In  the  table  of  motor-vehicle  registration  the  total 
motor  vehicles  are  classified  into  two  groups  according 
to  type  of  service.  One  group  for  passenger  service 
comprises  passenger  cars,  taxis  and  busses,  and  the 
second  group  is  made  up  of  motor  trucks  and  road 
tractors,  which  are  used  for  freight  service.  From  a 
comparison  of  these  group  totals  for  1930  with  the 
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same  groups  in  1929,  it  is  noted  that  the  passenger 
vehicle  registration  decreased,  while  that  of  motor 
trucks  increased  3  per  cent.  This  percentage  increase 
is  only  one-third  of  the  1929  motor  truck  increase, 
yet  it  indicates  that  business  was  moving  ahead  in 
spite  of  the  depression.  This  indication  relating  to 
business  is  also  confirmed  by  a  noteworthy  increase  in 
trailers,  which  are  not  included  in  mo  tor- vehicle  regis- 
tration; for  in  1930,  trailer  registration  increased  36 
per  cent  over  the  previous  year's  figures. 

Regarding  the  registration  by  States,  New  York  still 
leads  with  2,307,730  motor  vehicles,  gaining  44,471,  and 
is  followed  closely  by  California  with  2,041,356.  This 
State  made  the  largest  net  gain,  namely  67,015.  These 
two  States  are  the  only  ones  now  registering  more  than 
2,000,000  motor  vehicles.  There  arc  five  other  States 
having  over  1,000,000  registration  as  follows:  Ohio, 
1,759,363;  Pennsvlvania,  1,753,521;  Illinois,  1,638,260; 
Texas,  1,365,896;  and  Michigan,  1,328,209.  The  order 
of  precedence  is  the  same  as  in  1929,  except  that  Texas, 
with  a  gain  of  17,789,  has  passed  Michigan,  which 
reported  the  greatest  loss  of  any  State,  amounting  to 
66,893,  or  4.8  per  cent  under  1929.  This  drop  in 
Michigan,  which  accounts  for  almost  one-quarter  of  the 
decrease  in  registration  of  the  21  States  showing 
decreases,  is  due  not  only  to  the  acute  manufacturing 
depression  in  that  State  but  probably  also  to  a  large 
scrapping  of  cars  sold  for  junk  to  manufacturers 
desirous  of  ridding  the  market  of  old  cars. 

The  increase  in  receipts  already  mentioned  was 
chiefly  due  to  higher  registration  fees,  but  gains  in 
both  "trailer  registrations  and  operators'  permits  helped 
to  increase  the  total.  In  the  disposition  of  the  gross 
receipts  according  to  the  laws  of  the  various  States, 
the  collection  and  administration  expenses  amounted 
to  $19,196,926  (excluding  these  expenses  in  six  States 
which  make  State  appropriations);  State  highways 
were  allocated  $222,146,682,  a  little  less  than  in  1929; 
local  roads  received  $68,577,899,  about  3  per  cent 
increase;  road  bond  payments  were  allotted  $36,309,682 
and  $9,473,671  was  reported  "for  other  purposes." 
This  latter  classification  includes  $3,454,962  for  State 
highway  patrol;  $1,403,280  for  city  streets,  and  for  a 
free  bridge  commission  (New  Jersey);  $185,587  as- 
signed to  funds  used  for  refunds;  and  last,  $4,429,842 
(1/4  per  cent  of  gross  receipts)  to  general  funds  of 
city,  county  and  State  as  noted  on  the  table  of  motor 
vehicle  receipts. 
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Applicants  are  urgently  ret/nested  to  ask  only  for  those  publications  in 
which  they  are  particularly  interested.  The  Department  can  not  under- 
take to  supply  complete  sets  nor  to  send  free  more  than  one  copy  of  any 
publication  to  any  one  person.  The  editions  of  some  of  the  publications 
are  necessarily  limited  and  when  the  Uerirtment's  free  supply  is  ex- 
hausted and  no  funds  are  available  for  procuring  additional  copies, 
applicants  are  referred  to  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office,  this  city,  who  has  them  for  sale  at  a  nominal  price, 
under  the  law  of  January  12,  1895.  Those  publications  in  this  list,  the 
Department  supply  of  which  is  exhausted,  can  only  be  secured  by  pur- 
chase from  the  Superintendent  of  Documents,  who  is  not  authorized 
to  furnish  publications  free. 


ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1924. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1925. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1927. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1928. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1929. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1930. 


DEPARTMENT  BULLETINS 

Highway  Bonds.     20c. 
Methods  for  the  Examination  of  Bituminous  Road 

Materials.     10c. 
Methods  for  the  Determination  of  the  Physical 

Properties  of  Road-Building  Rock.      10c. 
The  Expansion  and  Contraction  of  Concrete  and 

Concrete  Roads.      10c. 
Reports  on  Experimental  Convict  Road   Camp, 

Fulton  County,  Ga.     25c. 

Highway  Cost  Keeping.     10c. 

Typical  Specifications  for  Bituminous  Road  Mate- 
rials.  10c. 

Tentative  Standard  Methods  of  Sampling  and 
Testing  Highway  Materials,  adopted  by  the 
American  Association  of  State  Highway  Offi- 
cials and  approved  by  the  Secretary  of  Agri- 
culture for  use  in  connection  with  Federal-aid 
road  construction. 

Rural  Highway  Mileage,  Income,  and  Expendi- 
tures 1921  and  1922. 


No      *136D. 
*314D. 

*347D. 

*532D. 

*583D. 

*660D. 
*691D. 

1216D 


1279D 
1486D. 


Highway  Bridge  Location. 


DEPARTMENT  CIRCULARS 

No      331C.  Standard  Specifications  for  Corrugated  Metal  Pipe 
Culverts. 

TECHNICAL  BULLETIN 
No      55T.   Highway  Bridge  Surveys. 


MISCELLANEOUS  CIRCULARS 

No.  62M.  Standards  Governing  Plans,  Specifications,  Con- 
tract Forms,  and  Estimates  for  Federal-Aid 
Highway  Projects. 
*93M.  Direct  Production  Costs  of  Broken  Stone.  25c. 
109M.  Federal  Legislation  and  Regulation?  Relating  to  the 
Improvement  of  Federal- Aid  Roads  and  National- 
Forest  Roads  and  Trails,  Flood  Relief,  and  Mis- 
cellaneous Matters. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP.  The  Results  of    Physical  Tests  of  Road-Building 
Rock. 

SEPARATE  REPRINTS  FROM  THE  YEARBOOK 

No.  *914Y.   Highways  and  Highway  Transportation.  25c. 
937Y.    Miscellaneous  Agricultural  Statistics. 
1036Y.   Road    Work   on    Farm    Outlets    Needs   Skill   and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio.     (1927) 
Report  of  a  Survev  of  Transportation  on  the  State  Highways  of 

Vermont.     (1927) 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

New  Hampshire.      (1927) 
Report  of  a  Plan  of  Highway  Improvement  in  the   Regional 

Area  of  Cleveland,  Ohio.     (1928) 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

Pennsylvania.      (1928) 

REPRINTS  FROM  THE  JOURNAL  OF  AGRICULTURAL  RESEARCH 


Vol.  5,  No.  17,  D-  2. 


Vol.  5,  No.  19,  D-  3. 


Vol.  5,  No.  24,  D-  6. 
Vol.  6,  No.     6,  D-  8. 


Vol.  11,  No.  10,  D-15 


Effect  of  Controllable  Variables  upon  the 
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IMPACT  REACTIONS  DEVELOPED  BY  A  MODERN 

MOTOR  BUS 

Reported  by  JAMES  A.  BUCHANAN,  Associate  Engineer  of  Tests,  U.  S.  Bureau  of  Public  Roads 


ONE  of  the  most  important  trends  in  the  use  of 
highways  to-day  is  that  toward  higher  vehicle 
speeds,  particularly  with  the  heavier  wheel  loads. 
At  the  present  time,  this  trend  is  most  evident  in  motor 
bus  operations,  although  last-freight  highway  transpor- 
tation is  a  rapidl}'  developing  industry.  This  condition 
of  heavy  wheel  loads  operating  at  sustained  high  speeds 
has  been  made  practicable  by  the  comparatively 
recent  introduction  of  high-pressure  and  balloon  tires 
adequate  for  and  economical  in  such  service.  A  study 
of  the  impact  reactions  produced  on  pavements  by 
vehicle  wheels  under  such  intensive  operating  condi- 
tions was  the  object  of  a  research  investigation  recently 


Figure  1  gives  a  general  view  of  the  vehicle  used. 
It  is  a  modern  high-speed  bus  chassis  on  which  a  special 
body  was  built  to  meet  the  needs  of  the  tests.  The 
floor  of  this  body  was  divided  into  a  number  of  small 
compartments,  as  shown  on  the  cover  page,  for  retain- 
ing 100-pound  cast-iron  weights  used  to  vary  the  load 
conditions.  The  wheel  base  is  233  inches.  Each  rear 
spring  is  provided  with  overload  booster  leaves  which 
operate  in  two  stages.  In  order  to  provide  clearance 
between  the  rear  spring  and  the  large  dual  tires  tested, 
it  was  necessary  to  apply  a  spacer  ring  on  each  rear 
hub  between  the  flange  and  the  inner  wheel  disc. 
These  1 /2-inch  wide  spacers  remained  in  place  through- 


Figure  1. — General  View  of  Bus  Used  in  Impact  Tests 


completed  by  the  Bureau  of  Public  Roads  with  the 
cooperation  of  the  Rubber  Manufacturers'  Association 
and  the  Society  of  Automotive  Engineers. 

In  arranging  a  schedule  of  tests  to  be  followed  several 
factors  relating  to  equipment  and  scope  of  conditions 
were  considered.  The  vehicle  and  tire  equipment 
should  be  representative  of  modern  high-speed  traffic. 
The  loads  and  speeds  should  cover  an  adequate  range  in 
operating  conditions.  The  roughness  conditions  should 
involve  both  artificial  and  natural  obstructions,  the 
artificial  obstructions  bringing  out  the  influences  of 
various  factors  on  impact  reactions  and  the  natural 
obstructions  indicating  the  actual  forces  developed 
under  operating  conditions. 

4S700— 31 1 


out  the  tests  so  that  all  tires  would  be  tested  under  the 
same  conditions.  This  proved  to  be  an  unnecessary 
precaution,  as  accelerations  obtained  with  7  and  9.00 
inch  dual  tires  before  the  spacers  were  applied  were  the 
same  as  those  obtained  afterwards. 

TIRE    EQUIPMENT   SELECTED    TO    COVER    TYPES   IN    ACTUAL    USE 

The  tire  equipment  tested  included  both  the  high- 
pressure  pneumatic  and  the  low-pressure  pneumatic 
or  balloon  types.  The  range  in  section  size  was 
from  7-inch  high-pressure  to  12.00-inch  low-pres- 
sure and  inflations  varied  from  107  to  53  pounds 
per  square  inch.  Two  rims  diameters  were  used — 20 
and  24  inch. 

21 
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Figure  2. — Some  of  the  Tire  Equipment  Used  in  the  Bus  Tests 


The  tires  were  mounted  directly  on  appropriate  disc 
wheels  prior  to  the  tests,  and  tire  changes  were  quickly 
effected  by  changing  these  disc  wheels,  which  wrere 
bolted  on  the  hub  centers  of  the  bus  chassis. 

A  general  view  of  the  range  in  tire  sizes  is  given  in 
Figure  2.  The  tires  were  the  products  of  four  manu- 
factures, but  all  had  conventional  tread  designs  used 
in  modem  commercial  and  bus  service. 

A  complete  list  of  the  tire  sizes  tested  is  given  in 
Table  1,  together  with  the  inflation  pressure  and  load 
conditions  selected  for  each  tire.  In  determining  these 
pressures  and  loads,  three  factors  were  considered. 
First,  it  was  desirable  to  make  comparisons  on  an  equal 
load  basis.  Second,  it  was  desirable  to  include  tests 
conforming  as  closely  as  possible  with  recommended 
standard  practice.  Third,  it  was  desirable  to  include 
test  conditions  varying  from  recommended  practice 
for  at  least  a  part  of  the  range  found  in  actual  operat- 
ing conditions.  The  recommended  or  standard  in- 
flation pressures  for  various  loads  on  balloon  and  high- 
pressure  tires  were  obtained  from  the  Yearbook  of  the 
Tire  and  Kim  Association,  published  April,  1930,  and  are 
given  in  Tables  2  and  3.  In  this  connection  it  is  interest- 
ing to  note  that  the  actual  practice  of  eight  fleet  operators 
using  more  than  5,000  buses  was  ascertained  through  a 
survey  recently  conducted  by  the  National  Association 
of  Motor  Bus  Operators  and  was  found  to  range  from 
recommended  inflation  pressures  and  loads  to  rather 
severe  overload  and  under-inflation  conditions. 

The  various  tire  and  rim  sizes,  loads  and  inflation 
pressures,  as  shown  in  Table  1,  provided  for  the  de- 
termination of  the  influence  of  such  factors  as  inflation 
pressure,  load,  tire  type,  tire  section,  rim  diameter, 
rim  width,  and  single  versus  dual  mounting.  The 
wheel  loads  and  other  data  for  the  various  combina- 
tions are  given  in  Table  4. 


Table  1. — Tire,  rim,  load,  and  inflation  conditions 
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20 

7 

10 
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24 
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10 

9.00 

20 

7 

10 

9.00 

24 

7 

10 

9.00 

20 

8 

10 

9.75 

20 

8 

12 

10.50 

20 

9-10 

12 

i  12.  00 

20 

11 

14 

Inflation  pressure  used  with— 


ioh! 
10H 


ioh 

12 
12 

(Single) 


100 


IJis.  per  Lbs.  per 
Inches  ,  sq.  in.  j  sq.  in. 
107,    " 
100, 
93.  86 
93 
65, 
61, 
57,  53 
54 
61 
55 


65 


63 


Lbs.  per 
sq.  in. 

100 


65 


Lbs.  per 
sq.  in. 

100 


65,75 


Lbs.  per 
sq.  in. 


82 


Lbs.  per 
sq.  in. 


95 


1  The  single  12.00  by  20  inch  balloon  tire  at  an  inflation  pressure  of  82  pounds  per 
square  inch  has  the  same  rated  carrying  capacity  as  the  dual  9.00  by  20  inch  balloon 
tires  at  61  pounds  per  square  inch  and  the  34  by  7  inch  high  pressure  tires  at  107  pounds 
per  square  inch. 

EFFECTS  OF  ARTIFICIAL  OBSTRUCTIONS  AND  NATURAL  ROAD  CON- 
DITIONS STUDIED 

Artificial  obstructions  creating  roughness  conditions 
on  an  otherwise  smooth  pavement  surface  were  used  in 
making  tests  for  the  determination  of  the  influence  of 
the  various  operating  factors,  because  such  roughness 
conditions  could  be  made  to  a  uniform  section  having 
sufficient  width  to  obviate  any  uncertainty  regarding 
the  contact  relation  between  the  tires  and  the  obstruc- 
tion. 

Through  the  courtesy  of  the  Ordnance  Department, 
a  concrete  road  at  the  Aberdeen  Proving  Ground,  Md., 
was  made  available.  This  road  is  level  throughout  its 
length  and  traffic  on  it  wras  controlled  so  that  there 
was  no  interference  during  test  runs.     Steel  obstruc- 
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Table  2. —  Truck  and  bus  balloon,  tire  load  and  inflation  table.*     Minimum  inflation  pressurt  in  \ nds  per  square  inch  and  correspond- 
ing load  capacity  in  poxinds 


rire  section  and  rim  diameter  (inches) 

Mini- 
mum 
inflation 

5.50 

6.00 

6.50 

7.00 

7.50 

8.25 

9.00 

9.75 

Mini- 
mum 
inflation 
pressure 

pressure 

20 

20 

20 

20 

20 

22 

24 

20 

22 

24 

20 

22 

24 

20 

22 

24 

35 

1,125 
1,225 

35 

4ii 

1,300 
1,400 

40 

45 

1,525 
1,650 

45 

50 

1,775 
1,900 

1,925 
2,100 

2,075 
2,250 

2,225 
2,400 

2,100 
2,325 
2,550 

2,350 
2,  575 
2,800 

2,500 
2,  725 
2,950 

50 

55 

2.950 
3, 250 

2,900 
3.200 
3,  500 

3,  050 
3,  350 
3,650 

55 

HO 

3,  300 
3,600 
3,900 

3,  600 
3,  900 
4,200 

3.  800 
4,100 
4,400 

60 

65 

65 

70 

70 

fire  section  and  rim 

liameter  ( 

nches) 

Mini- 
mum 
inflation 

10.50 

11.25 

12.00 

12.75 

13.50 

Mini- 
mum 
inflation 

20 

22 

24 

20 

22 

24 

1 
20                 22 

24 

20 

22 

24 

20 

22 

24 

65 

4,100 
4,400 
4,700 

4,400  | 
4.700 
5, 000 

4,600 
4,900 
5,200 

65 

70 

4,750 
5,100 
5,450 

5,100 
5,450 
5,800 

70 

5,700 
6,050 

5.450           5,900 
5,850           6.300 
6, 250           6,  700 

1 

6,  1511 
6,550 
6,950 

80 

6,400 
6,800 
7,200 

6, 

:.  300 

7,700 

7.  200 

7.  600 

8,  000 

80 

85 

7,200 
7,700 
8,200 

7,800 
8,300 
8,800 

8,100 
8,600 
9,100 

85 

90 

90 

95 

95 

1  Tire  and  Rim  Association  standard,  adopted  Feb.  14,  1930.    Bold-face  type  indicates  maximum  recommended  loads.    Duals  will  carry  twice  the  load  of  corresponding 
singles. 

Table  3. —  Truck  and  bus  high-pressure  tire  had  and  'inflation  table.1     Minimum  inflation  pressure  in  pounds  per  square  inch  and 

corresponding  load  capacity  in  pounds 


Mini- 

Tire  section  and  rim  diameter  (inches) 

Mini- 

infla- 
tion 
pres- 
sure 

3H 

4 

i\<i 

5 

6 

7 

v 

9 

10 

infla- 
tion 
pres- 
sure 

20 

24 

20 

24 

20 

24 

20 

24 

20 

24 

20 

24 

50 

600 
675 
750 

50 

55 

800 

900 

1,000 

55 

60 

1,050 
1,150 
1,250 

60 

65 

1,325 

1,450 

2  1, 575 

1,700 

1.575 
1.700 
1.825 
1,950 

65 

70 

1,700 
1,825 
3  1,  950 
2,075 
2,200 

70 

75 

2,125 
2,  250 
2,375 
2,500 

75 

80 

2,200 
2,350 
2,500 
2,800 

2,  600 
2,  750 
2.  900 
3,200 

80 

S5 

2.  775 

2,  900 

3,  250 

3,125 
3,300 
3.  650 
4,000 

85 

90 

3,300 
3.  700 
4,100 
4,500 

3,800 
4,200 
4,  600 
5,000 

90 

100 

4,150 
4,000 
5,050 
5,500 

4,650 
5,100 
5,  550 
6,000 

100 

110 

3,  600 

110 

120 

120 

130 

130 

1  Tire  and  Rim  Association  standard,  adopted  Jan.  12,  192" 
singles. 

■  Maximum  load  for  6-ply  tire  only. 
s  Maximum  load  for  8-ply  tire  only. 


Bold-face  type  indicates  maximum  recommended  loads,     Duals  "ill  carry  twice  the  load  of  corresponding; 


tions  200  feet  apart  were  located  on  this  road  at  the 
end  of  an  0.8  mile  straightaway  and  were,  secured  in 
place  by  means  of  countersunk  screws  to  nuts  set  in 
the  pavement,  flush  with  the  surface. 

Two  obstructions  were  used,  each  \%  inches  in 
height.  One  was  an  inclined  plane  30  inches  long  and 
the  other  was  a  rectangular  obstruction  12  inches  wide. 
These  obstructions  are  shown  in  Figure  3.  While  such 
obstructions   are   somewhat   more   severe    than    those 


ordinarily  encountered  on  a  well  maintained  pavement 
carrying  high-speed  traffic,  their  use  in  these  tests  was 
necessary  in  order  to  bring  out  definitely  the  differ- 
ences between  the  various  factors  being  studied. 
Smaller  obstructions,  corresponding  to  those  used  in 
earlier  motor  truck   impact  tests  l  were   tried  but   it 

i  These  obstructions  are  described  in  an  article  entitled  "Motor  Truck  Impact  as 
Affected  by  Tires,  Other  Truck  Factors  and  Road  Roughness,"  Public  Roads,  Vol.  7, 
No.  4,  June,  1926. 
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was  found  that  the  tire  equipments  used  in  these 
tests  caused  such  low  values  of  acceleration  when  small 
obstructions  were  encountered  that  differences  in  test 
conditions  involving  only  minor  changes  in  the  factors 
being  studied  were  likely  to  be  obscured  because  of  the 
dispersion  due  to  unavoidable  experimental  errors. 

The  artificial  obstructions  used  caused  three  types  of 
impact  reaction  which  ore:  (1)  The  drop  of  the  wheel 


\Vi   BY  30   INCH   INCLINED   PLANE 


VA  BY 
Figure  3. — Ro 


12   INCH   RECTANGULAR   BLOCK 

by    Artificial    Ob- 


on  the  pavement  after  being  raised  by  an  inclined 
plane,  (2)  the  shock  of  the  wheel  at  striking  a  sharp 
elevation  in  the  road,  and  (3)  the  drop  of  the  wheel  on 
the  pavement  following  the  shock  condition  just  de- 
scribed. These  obstruction  conditions  simulate  heaved 
and  raised  joints  in  actual  surface  roughness  conditions. 
There  is  probably  little  real  difference  in  the  action 
under  either  of  the  drop  conditions  described  above 
other  than  variations  in  the  height  from  which  the 
wheel  falls.  In  either  case,  the  tire  reacts  against  a 
plane  surface.  In  the  case  of  the  shock  reaction,  there 
is  a  tendency  for  the  obstruction  to  penetrate  the  tire 
or  for  the  tire  to  envelop  the  obstruction  and  an  entirely 
different  situation  exists. 

Table  4. — Wheel  loads  and  other  bus  characteristics 


"3 

tea 
I"* 

a 

a  ^ 
& 

c 

3  „ 

a 

Load  A 

Load  B 

Load  C 

Load  D 

Tire  size ' 

60 

a 

3 

a. 
m 

"3 
o 

c 

3 
m 

a. 

CO 

"3 
o 
E- 

a 

3 

O. 
CO 

"a 
o 

M 

C 
3 
O. 

m 

Lbs. 
7,525 

o 

34  x  7 

38  x  7... 

Lbs. 
350 
394 
380 
422 
386 
458 
531 
335 

Lbs. 
1,974 

2,018 
2,004 
2,040 
2,  020 
2,082 
2, 155 
1,959 

61.3 

62.7 
02.2 
63.5 
62.7 
64.7 
66.9 
60.8 

Lbs. 
1,060 

4,060 

Lbs. 
0, 034 

6.07S 

Lbs. 
5,080 

Lbs. 

7,054 

Lbs. 
6,075 

Lbs. 
8, 049 

Lbs. 
9,  499 

9.00-20/7 
9.00-24 

4,  060!  6,064 
4.  (JCIJ    6.  106 

5.  (ISO 
5,080 

7,084 
7,126 

6,075 

8,079 

7,525 

9,529 

9.00-20/8 
9.75-20 

4,060 
4,060 

0,080 
6,142 

6,075 

6,075 
6,075 

~8,~i57 
8,230 
8,034 

7,"  525 
7,525 

9,607 

10.50-20 

9, 680 

12.00-20 

4,060 

6,019 

weights  (including  driver,  operator,  instrument,  and  hub  spacers,  with  34  by 
7  inch  original  tire  equipment): 


Pounds 

Front,  axle 5.720 

Rear  axle 7,649 


Total 13,369 


rounds 

Unsprung  weight  per  rear  wheel 1,  962 

Weight  of  34  by  7  dual  tires  aud  wheel  (original 
equipment) 338 


Unsprung  weight,  without  tires  and  wheels...  1,624 


Front  axle  leads:  Pounds 

Load  A 6,  125 

Load  B 6,325 

Load  C 6,700 

Load  D 7,080 


Front  wheel  loads:  Pounds 

Load  A 3,062 

Lead  B 3, 162 

Load  C _  3,350 

LoadD 3,540 


'    Roughness    Created 
structions 


1  These  are  the  customary  designations  of  the  tires  listed,  as  used  by  the  Tiro  and 
Kim  Association  and  by  the  industry  in  general.  High  pressure  tires  are  designated 
by  over-all  height  in  inches  and  sect  ion  height  in  inches  and  fractions  thereof.  Balloon 
tires  are  designated  by  section  height,  in  inches  and  decimals  thereof  and  rim  diam- 
eter in  inches.  In  the  case  of  the  9.00  by  20  inch  balloons,  where  two  rim  widths 
were  used,  these  are  given. 

Natural  road  surface  roughness  conditions  were 
used  in  making  tests  to  determine  the  actual  magni- 
tudes of  impact  forces  developed  under  normal  operating 
conditions.  These  tests  were  made  in  the  vicinity  of 
Washington,  D.  C,  at  locations  where  the  desired 
speeds  could  be  attained  with  safety.  The  natural 
roughness  conditions  which  were  found  at  places  which 
were  practicable  for  making  tests  were  of  less  severity 
than  the  artificial  obstructions  described  in  a  preceding 
paragraph.  Profiles  of  the  natural  obstructions  are 
given  later  in  this  report  in  presenting  the  data  ob- 
tained with  them. 

Vertical  impact  reactions  occurring  between  a  moving 
wheel  and  the  pavement  surface  may  be  resolved  into 
two  components.  One  is  the  dynamic  force  due  to  the 
vertical  acceleration  or  deceleration  imparted  to  the 
unsprung  weight  at  the  wheel  and  the  other  is  the 
static  weight  on  that  wheel. 

In  the  impact  investigations  of  the  bureau  the 
dynamic  force  has  been  obtained  by  multiplying  the 
value  of  the  unsprung  mass  by  the  acceleration  developed 
at  the  instant  of  impact.  The  mass  values  were  ob- 
tained by  weighing  and  the  acceleration  by  measure- 
ment with  an  accelerometer.  By  adding  to  this  dynamic 
force  the  static  load  on  the  wheel,  the  total  vertical 
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impact  reaction  was  obtained  and  may  be  expressed 
in  pound  units  or  as  a  percentage  of  the  static  wheel 
load.2 

MULTIPLE   ELEMENT  CONTACT  ACCELEROMETER   U333     TO 
MEASURE  IMPACT  FORCES 

The  multiple  element  contact  accelerometer  used 
in  these  tests  was  designed  and  built  by  the  Bureau 
of  Public  Roads  as  a  modification  of  a  single  element 
instrument  of  the  same  type  described  in  the  July,  1930, 
issue  of  Public  Roads.  It  differs  from  the  original 
instrument  in  that  it  comprises  10  sensitive  elements 
equipped  with  styli  for  direct  recording  on  a  moving 
ribbon  of  paraffin-coated  colored  paper.  The  hardened 
steel  styli  have  ball  points  and  the  elements  are  arranged 
in  offset  relation  so  that  the  record  made  by  one  element 
does  not  interfere  with  that  made  by  another.  The 
movement  of  each  sensitive  element  measured  at  its 
center  of  gravity  was  restricted  to  0.001  inch  between 
the  recording  and  non-recording  positions  of  its  stylus. 
The  accelerometer  was  mounted  on  the  rear  axle  of 
the  bus,  the  frame  supporting  it  being  clamped  securely 
to  the  top  of  the  right  hand  spring  bolster  by  the  bolts 
which  held  the  spring  to  the  axle.  It  was  thus  in  a 
position  to  respond  to  any  vertical  accelerations  im- 
parted to  the  axle  by  the  wheel.  A  general  view  of  the 
instrument  is  given  in  Figure  4. 

The  sensitive  elements  were  calibrated  statically 
and  dynamically  according  to  methods  described  in 
the  earlier  publication.3  As  the  dynamic  calibration 
involved  the  use  of  a  telephone  circuit  to  detect  move- 
ment of  the  sensitive  elements,  additional  tests  were 
made  to  prove  that  the  autographic  recording  on 
paraffin-coated  paper  is  as  accurate  and  reliable  as 
that  involving  the  telephone  circuit.  A  further  check 
on  the  calibration  was  obtained  by  comparing  the 
experimental  values  with  the  design  or  theoretical 
values.  The  characteristics  of  the  10  elements  used 
are  given  in  Table  5. 

Table  5. — Characteristics  of  accelerometer  elements 


Element  No. 


1. 
2. 
3. 

4 

5. 

6. 

7. 

8. 

9- 


Thickness 

Calibra- 

of spring 

tion  rate   1 

Feet  per    ' 

sec. 2  per 

0.001  inch 

Inches 

deflection  > 

0.0381 

2.79 

.0402 

3.26 

.0410 

3.52 

.0425 

3.85 

.0437 

4.26 

.  0451 

4.53 

.0458 

4.72 

.0470 

5.00 

.0480 

5.  48  ; 

.0491 

5.78 

Free 
period 


Seconds 

0.  0071 
.0067 
.0066 
.0063 
.  0062 
.0060 
.0059 
.0057 
.0056 
.0055 


1  Measured  at  the  micrometer. 

Accelerometers  of  the  contact  type  are  so  designed 
that  the  action  of  any  one  sensitive  element  will  only 
indicate  whether  an  acceleration  greater  or  less  than  a 
certain  magnitude  was  attained  during  impact.  That 
critical  acceleration  magnitude  is  determined  by  the 
resistance  to  be  overcome  (which,  in  the  accelerometer 

2  To  be  strictly  accurate,  some  allowance  should  be  made  for  the  variation  in  pres- 
sure transmitted  through  the  vehicle  spring  as  it  flexes  during  the  impact  phenom- 
enon. This  had  been  determined  in  earlier  tests  (see  Public  Roads,  Vol.  7,  No.  4, 
June,  1926)  and  found  to  exert  comparatively  little  influence.  Since  comparative 
tests  would  all  be  slightly  modified  by  approximately  equal  amounts,  the  determina- 
tion, by  measurement,  of  variations  in  spring  pressure  was  not  considered  to  be 
justified  in  this  series  of  tests. 

>  See  Public  Roads,  July,  1930. 


used  is  caused  by  the  deflection  of  a  cantilever  spring) 
and  the  mass  of  the  sensitive  element  acted  upon  by 
the  impressed  acceleration.  By  placing  a  battery  of 
such  elements  in  a  single  instrument  unit  and  setting 
each  element  to  respond  to  a  different  magnitude  of 
acceleration,  an  impressed  acceleration  may  be  deter- 
mined as  lying  between  certain  limits  which  are  in- 
dicated by  the  critical  values  of  the  elements  which  do 
or  do  not  respond.  In  the  tests  herein  described,  the 
critical  accelerations  tit  which  the  various  elements 
were  set  to  respond  varied  in  increments  of  10  feet  per 
second  per  second,  and  the  range  in  acceleration  thus 
covered  by  the  instrument  unit  at  any  one  time  was, 
therefore,  90  feet  per  second  per  second. 


Figure  4. — The   Autographic   Multiple-Element  Con- 
tact Accelerometer 

If  the  acceleration  attained  in  a  given  impact  test 
did  not  fall  within  the  range  covered,  as  indicated  by 
the  fact  that  all  the  elements  responded  or  failed  to 
respond,  that  test  was  repeated  with  the.  elements  set 
to  include  a  higher  or  lower  group  of  critical  accelera- 
tions as  the  case  might  be.  If  some  of  the  elements  re- 
sponded, Nos.  1  to  3  by  way  of  example,  and  the  re- 
mainder, Nos.  4  to  10,  did  not  respond,  then  the  ac- 
celeration for  that  test  was  determined  as  lying  between 
the  critical  values  for  which  elements  Nos.  3  and  4  had 
been  set.  It  frequently  happened  that  when  the  in- 
strument was  set  to  record  the  acceleration  produced 
by  one  of  the  two  artificial  obstructions  it  would  also 
respond  to  that  produced  by  the  other.  Thus  one  ac- 
celeration might  be  determined  by  elements  3  and  4 
and  the  other  by  elements  8  and  9.  In  this  manner  an 
opportunity  was  afforded  to  check  the  result  thus  ob- 
tained by  chance  with  that  obtained  when  the  instru- 
ment was  set  to  record  the  acceleration  produced  by 
the  other  obstruction.  The  checks  thus  obtained  were 
always  very  close. 
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DISCUSSION  OF  THE  DATA 


Typical  curves  showing  results  obtained  with  the 
artifical  obstructions  are  given  in  Figure  5.  It  is  noted 
that  where  drop  conditions  exist  a  maximum  reaction 
is  reached  at  a  comparatively  low  speed  and  that  the 
reaction  generally  decreases  as  the  speed  is  increased 
above  this  critical  value.  The  interaction  between  the 
sprung  and  unsprung  weights  of  the  vehicle  while  the 
wheel  is  in  the  air  and  falling  is  probably  the  reason 
for  this  condition. 


30  40 

MILES    PEP    HOUR 

•      7   INCH  DUAL  HIGH  PRESSURE,  100  POUNDS  PER    SQUARE   INCH 
k      9  00  INCH    DUAL    BALLOON,     bl    POUNDS  PER    SQUARE  INCH 

o   12  00  inch   single  balloon,  82  pounds  per  square  inch 
load-6000  pounds  per  wheel      rim  size-20inch 

Figure  5. — Impact  Reactions  for  Typical  Tire  Equip- 
ments Passing  Over  the  Artificial  Obstructions 

The  reactions  under  shock  conditions  are  found  to 
increase  in  approximate  proportion  with  vehicle  speed. 
When  the  wheel  encounters  an  obstruction  under 
shock  conditions,  there  is  a  tendency  for  it  to  be 
raised  above  the  surface  of  the  road.  As  the  vehicle 
speed  increases  this  elevation  must  necessarily  take 
place  in  a  shorter  time  interval,  resulting  in  greater 
vertical  accelerations  with  corresponding  increases  in 
impact  reaction.  The  maximum  reaction  obviously 
occurs  when  a  given  obstruction  causes  a  maximum 
deformation  in  the  tire.  It  is  reasonable  to  suppose 
that  this  maximum  deformation  occurs  when  the  tire 
completely  envelops  the  obstruction  without  appre- 
ciably increasing  the  elevation  of  the  axle.  An  ap- 
proach  to   this  maximum   condition   is   noted  in   the 


tendency  for  the  curves  to  flatten  at  higher  speeds, 
indicated  in  the  central  section  of  Figure  5.4 

The  two  lower  sections  of  Figure  5  are  for  shock  at 
and  drop  after  a  given  obstruction.  It  is  noted  that 
the  values  of  the  drop  reactions  obtained  at  relatively 
low  speeds  are  not  equaled  or  exceeded  by  the  corre- 
sponding shock  reactions  except  at  relatively  high 
vehicle  speeds.  For  the  particular  vehicle  and  other 
test  conditions  given  these  speeds  are  from  20  to  30 
miles  per  hour  for  the  maximum  drop  reaction  and  50  to 
60  miles  per  hour  for  shock  reactions  of  equal  mag- 
nitude. 

BALLOON   TIRE   EQUIPMENT   REDUCES  IMPACT   REACTIONS 

One  of  the  questions  most  frequently  asked  is, 
"What  is  the  relative  influence  of  the  type  of  tire 
equipment  on  impact  reaction?"  In  Figure  5,  data 
are  given  for  three  types  of  impact  reaction,  comparing 
the  forces  produced  on  the  pavement  by  the  same 
wheel  when  equipped  with  dual  high  pressure  pneu- 
matic, dual  balloon,  and  single  balloon  tires  of  equal 
capacity  and  carrying  the  same  load.  There  is  no 
question  as  to  the  additional  protection  to  the  road 
which  results  from  replacing  high  pressure  pneumatic 
tires  with  balloon  tires.  The  balloon  tire  operates  at 
a  lower  inflation  pressure  and  has  a  greater  section 
height  than  the  high  pressure  tire  of  equal  capacity, 
both  of  which  factors  enhance  its  cushioning  properties. 
Since  protection  to  the  road  is  also  protection  to  the 
vehicle  this  comparison  has  a  major  economic  signif- 
icance. The  road  strikes  the  vehicle  wheel  just  as 
severely  as  the  wheel  strikes  the  road. 

SINGLE  BALLOON  TIRE  PRODUCES  LOWER  IMPACT  FORCES  THAN 
CORRESPONDING  DUAL  MOUNTING,  BUT  GREATER  CONCENTRA- 
TION  OF   PRESSURE   RESULTS 

The  relation  between  dual  and  single  tire  equip- 
ments of  the  same  type  and  of  equal  load  carrying 
capacity  is  also  brought  out  in  Figure  5.  Although 
the  12. 00-inch  balloon  requires  an  inflation  pressure  of 
82  pounds  per  square  inch  as  compared  with  61  pounds 
per  square  inch  required  for  dual  9.00-inch  tires  to 
carry  the  same  load,  the  greater  section  height  of  the 
single  tire  results  in  lower  impact  forces  than  those 
caused  by  the  smaller-sectioned  dual  tires.  This 
observation  supports  a  similar  conclusion  reached  as 
a  result  of  the  earlier  impact  tests  with  motor  trucks 
and  reported  in  the  June,  1926,  issue  of  Public  Roads. 

In  connection  with  this  discussion  of  dual  versus 
single  tire  equipments,  it  is  important  to  consider  the 
intensity  of  contact  pressures  developed  by  the  two 
types.  As  shown  by  Table  6,  which  gives  results 
obtained  from  static  tests  on  the  three  equipments 
involved  in  Figure  5,  the  single  balloon  tire  develops 
considerably  higher  average  contact  pressures  than  do 
the  dual  balloon  tires.  The  data  given  in  Table  6  are 
based  on  measurements  of  contact  area  and  contact 
width  as  given  by  the  three  tire  types  under  static 
loads. 

The  static  load-deflection  characteristics  of  the  three 
tire  equipments  discussed  above  are  given  in  Figure  6, 

<  In  the  article  entitled  "Calibrations  of  Accelerometers  for  Use  in  Motor  Truck 
Impact  Tests,"  Public  Roads,  Vol.  11,  No.  5,  July,  1930,  the  nature  of  the  shock 
reaction  is  discussed  from  a  theoretical  standpoint.  It  is  believed  that  the  theory 
developed,  although  the  assumptions  on  which  it  is  based  are  admittedly  approximate, 
indicates,  qualitatively,  the  influence  of  the  several  variables  involved  in  the  shock 
impact.  On  the  basis  of  this  theory  the  limiting  value  of  the  shock  reaction  is  given 
by  the  equation,  F=L+Kh,  where  L  is  the  wheel  load,  K  is  a  factor  expressing  the 
resistance  of  the  tire  to  the  vertical  deformation  caused  by  the  obstruction,  and  h  is 
the  height  of  the  obstruction. 
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Table  6. — Comparison  of  contact  pressures  developed  by  dual  high 
pressure,  dual  balloon,  and  single  balloon  tires 


Tire  size 


Inch 
Dual  34  by  7 

Dual  9.00  by  20... 

Single  12.00  by  20. 


Inflation 
pressure 


Lbs.  per 
sq.  in. 

100 


Load  per 
wheel 


Pounds 
6,000 
12, 000 
18,  000 
6,000 
12,  000 
18,  000 
6,000 
12,  000 
18.  000 


°coS       £tt££ 

area         tact  width 


Lbs.  per 
sq.  in. 
86 
103 
118 
59 
75 
85 
76 
90 
101 


Lbs.  per  in. 

581 
1,012 
1,488 

485 

936 
1,353 

761 
1,  264 
1,811 


for  purposes  of  comparison.  It  is  at  once  apparent 
that,  for  comparable  operating  conditions,  the  relation 
between  the  static  load-defiection  characteristics  of  the 
tires  is  a  fair  index  of  the  relative  impact  reactions 
produced  by  them. 
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DEFLECTION  -  INCHES 

A-  7  INCH  DUAL  HIGH  PRESSURE,  IOO  POUNDS  PER  SQUARE  INCH 
B-  900  INCH  DUAL  BALLOON,  6  1  POUNDS  PER  SQUARE  INCH 
C-I2.00INCH    SINGLE    BALLOON,    82   POUNDS  PER    SQUARE   INCH 


Figure  6. 


-Static  Load-Deflection   Curves  Showing 
Influence  of  Tire  Type 


VARIATION   OF   IMPACT   FORCE    WITH   INFLATION    PRESSURE 
ANALYZED 

Closely  related  to  the  influence  of  tire  type  is  that  of 
inflation  pressure.  It  was  noted  in  the  discussion  of 
Figure  5  that  maximum  reactions  were  obtained  at 
relatively  low  speeds  for  the  drop  impact  conditions. 
In  Figure  7  the  magnitudes  of  these  maximum  reactions 
have  been  plotted  against  corresponding  variations  in 
inflation  pressures  and  curves  have  been  drawn  for  the 
two  drop  impact  conditions.  The  wheel  load  was  6,000 
pounds  in  each  case  and  the  speed  was  that  at  which 
the  maximum  drop  reaction  occurred.  The  curves 
have  been  broken  between  points  representing  the  two 
tire  equipments  represented  by  these  data,  the  higher 
inflation  pressures  having  been  applied  to  dual  34  by  7 
inch  high-pressure  tires  and  the  lower  pressures  to  dual 
9.00  by  20  inch  balloon  tires,  the  two  tire  equipments 
being  replacement  sizes  for  each  other.  It  is  at  once 
noted  that  the  variation  in  maximum  impact  reaction 
is  approximately  proportional  to  the  variation  in 
inflation  pressure. 


For  purposes  of  comparison,  the  static  reactions  cor- 
responding to  a  deflection  of  1%  inches  have  also  been 
plotted  against  the  corresponding  inflation  pressures  in 
Figure  7.  The  analogy  between  relations  brought  out 
by  static  and  impact  tests  is  again  apparent. 

The  influence  of  inflation  pressure  is  brought  out  in  a 
different  way  in  Figure  8.  In  this  figure,  which  involves 
the  three  types  of  impact  reaction,  data  are  plotted  for 
all  tire  equipments  which  were  tested  under  the  load 
and  inflation  standards  set  forth  in  Tables  2  and  3. 
The  curves  which  have  been  drawn  may  be  regarded  as 
typical  for  high  pressure  and  balloon  tires  under  the 
respective    roughness    conditions    involved.     In    this 
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x  maximum  after  passing  ly  by  12  inch    obstruction 
o  maximum  after  passing  \j  by  30  inch    inclined  plane 
static  reaction-— 

.  load  when  tires  are  deflected  l-y  inches 

Figure  7. — Influence  of  Inflation  Pressure  on  Tire 
Reactions 

figure  the  mean  ratio  of  the  dynamic  increments  (i.  e., 
ordinates  above  the  100  per  cent  static  load  line)  for 
balloon  tires  to  the  corresponding  increments  for  high 
pressure  tires  is  about  0.62;  while  the  mean  ratio  of  the 
total  impact  reactions  is  about  0.72.  The  mean  ratio 
between  the  inflation  pressures  recommend  in  Table  2 
to  carry  a  given  load  on  balloon  tires  and  those  recom- 
mended in  Table  3  for  high-pressure  tires  of  equal  base 
(rim)  diameter  at  the  same  load  was  found  to  be  about 
0.63.  It  may,  therefore,  be  concluded  that,  for  a  given 
roughness  condition  and  at  a  given  speed,  balloon  and 
high-pressure  tire  equipments  will  develop  impact 
reactions,  in  excess  of  static  load,  approximately  in  the 
proportion  of  the  inflation  pressures  used,  where  the 
load  carried  is  the  same  in  each  case  and  recommended 
inflation  pressures  are  used.  According  to  current 
standards  this  proportion  is  of  the  order  of  two  to  three. 

EFFECT  OF  LOAD   STUDIED 

In  Figures  9  to  13,  data  are  given  which  show  the  in- 
fluence of  load  on  impact  reaction.  The  three  sections 
in  each  figure  refer  to  the  three  types  of  reaction  caused 
by  the  artificial  obstructions.  In  Figures  9  and  10, 
impact  forces  have  been  expressed  in  pound  units  and 
in  Figures  11  and  12  they  have  been  plotted  as  a  per- 
centage of  the  particular  wheel  load  carried.  In  these 
tests,  the  inflation  pressure  in  a  given  tire  was  main- 
tained constant  as  the  load  was  varied,  100  pounds  per 
square  inch  being  applied  to  the  dual  34  by  7  inch  high- 
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Figure  8. — Balloon  Versus  High-Pressure  Tires:  Im- 
pact Reactions  Produced  by  Artificial  Obstructions 
for  All  Tire  Equipments  Tested  at  Recommended 
Loads  and  Inflation  Pressures 

pressure  pneumatics  and  65  pounds  per  square  inch  to 
the  dual  9.00  by  20  inch  balloons.     In  Figure  13,  com- 
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Figure  9. — Influence  of  Load  on  the  Impact  Reactions 
Produced  by  Dual  34  by  7  Inch  High-Pressure  Tires 
at  an  Inflation  Pressure  of  100  Pounds  per  Square 
Inch.  Plotted  Points  Denote  Values  of  the  Impact 
Reactions  in  Thousands  of  Pounds 

parisons  are  made  between  tire  equipments  seriously 
overloaded  and  larger  equipment  designed  to  carry 
such  loads. 

For  the  test  conditions  covered  by  Figures  9  and  10, 
it  is  noted  that  load  has  comparatively  little  influence 
on  the  magnitude  of  the  impact  reaction  between  the 
wheel  and  the  pavement.  The  heavier  loads  have 
some  slight  tendency  toward  increased  reactions,  but 
this  increase  scarcely  exceeds  the  difference  in  static 
wheel  load.  It  is  indicated  that,  within  the  load  range 
of  these  tests,  the  dynamic  increment,  i.  e.,  the  increase 
in  force  above  that  due  to  static  load,  is  approximately 
constant  for  a  given  tire  and  inflation  condition  and  for 
stated  speed  and  roughness  conditions. 
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Figure  10. — Influence  of  Load  on  the  Impact  Reactions 
Produced  by  Dual  9.00  by  20  Inch  Balloon  Tires  at  an 
Inflation  Pressure  of  65  Pounds  per  Square  Inch. 
Plotted  Points  Denote  Valuesofthe  Impact  Reaction 
in  Thousands  of  Pounds 

In  Figures  11  and  12,  the  impact  reactions  correspond- 
ing to  those  in  Figures  9  and  10  have  been  plotted  on  the 
basis  of  their  percentage  of  the  static  wheel  loads  used. 
It  is  at  once  noted  that  on  this  basis  and  for  the  conditions 
covered  by  these  tests  there  is  a  marked  decrease  as  the 
wheel  load  is  increased.  These  indications  which  are  so 
clearly  brought  out  in  Figures  9  to  12  are  in  accordance 
with  those  previously  observed  in  the  report  on  motor 
truck  impact  tests  in  the  June,  1 926,  issue  of  Public  Roads. 

In  Figure  13  the  reactions  obtained  with  dual  10.50 
by  20  inch  balloons  which  are  designed  to  carry  a  wheel 
load  of  9,400  pounds  at  the  recommended  inflation  pres- 
sure of  75  pounds  per  square  inch  are  compared  with 
the  reactions  obtained  with  dual  34  by  7  inch  high-pres- 
sure tires  at  100  pounds  per  square  inch  and  dual  9.00 
by  20  inch  balloon  tires  at  65  pounds  per  square  inch, 
each  of  the  two  latter  being  overloaded  approximately 
50  per  cent  to  carry  the  9,400-pound  wheel  load.  In  the 
earlier  experiments  5  the  conclusion  was  reached  that, 
for  a  given  type  of  tire  equipment,  a  smaller  size  operat- 
ing overloaded  causes  lower  reactions  than  a  larger  size 
operating  at  that  same  load.  Referring  to  Figure  13, 
we  confirm  this  conclusion  as  applying  to  the  balloon 
type,  lower  reactions  being  caused  by  the  overloaded 
9.00  by  20  inch  tires  than  are  by  the  properly  loaded 
10.50  by  20  inch  tires,  the  same  wheel  load  being  car- 
ried in  each  case. 

3  See  Public  Roads,  June,  1926. 
4800—31 2 
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Figure  11. — Influence  of  Load  on  the  Impact  Reactions 

Produced  by  Dual  34  by  7  Inch  High-Pressure  Tires 
at  an  Inflation  Pressure  of  100  Pounds  per  Square 
Inch.  Plotted  Points  Denote  Values  of  the  Impact 
Reaction  in  Percentage  of  Static  Load 

In  a  preceding  paragraph  it  was  brought  out  that  impact 
reactions  are  approximately  in  proportion  to  the  inflation 
pressure  used  in  a  pneumatic  tire.  It  should  therefore  be 
expected  that  balloon  tires  would  cause  lower  reactions 
than  compa  table  high-pressure  tires  having  the  same  load- 
carrying  capacity,  since  the  balloon  tires  operate  at  consid- 
erably lower  inflation  pressures.  This  is  borne  out  in  Fig- 
ure 13,  the  9.00  by  20  inch  tires  causing  lower  reactions 
than  the  34  by  7  inch  tires  under  the  same  load  conditions. 
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Figure  12. — Influence  of  Load  on  the  Impact  Re- 
actions Produced  by  Dual  9.00  by  20  Inch  Balloon 
Tires  at  an  Inflation  Pressure  of  65  Pounds  per 
SqUARE  Inch.  Plotted  Points  Denote  Valves  of 
the   Impact  Reaction  in  Percentage  of  Static  Load 

It  has  just  been  shown  that  the  9.00  by  20  inch  over- 
loaded balloon  tires  cause  lower  reactions  than  either 
the  10.50  by  20  inch  normally  loaded  balloon  tires  or 
the  34  by  7  inch  overloaded  high-pressure  tires,  the 
same  wheel  loads  being  carried  by  each.  It  is  interest- 
ing to  note  in  Figure  13  that  the  reactions  caused  by 
the  34  by  7  inch  high-pressure  tires  and  those  caused 
by  the  10.50  by  20  inch  balloon  tires  were  approximately 
the  same.  It  appears,  then,  that  for  the  tire  equip- 
ments and  other  test  conditions  involved  the  over- 
loaded 9.00  by  20  inch  balloon  tires  caused  lower 
reactions  than  the  properly  loaded  10.50  by  20  inch 
balloon  tires  in  about  the  same  degree  that  the  over- 
loaded balloon  type  caused  lower  reactions  than  the 
overloaded  high-pressure  type. 

The  impression  should  not  be  given  from  the  data  in 
Figures  9  to  13  that  overloading  is  a  practice  to  be  culti- 
vated. While  it  is  true  that  lower  magnitudes  of  im- 
pact reaction  are  obtained  with  overloaded  tires  than 
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Figure  13. — Comparison  of  the  Impact  Reactions 
Produced  by  Wheels  Loaded  to  9,400  Pounds  and 
Equipped  Respectively,  with  Overloaded  34  by  7 
Inch  High-Pressure  Tires,  Overloaded  9.00  by  20 
Inch  Balloon  Tires,  and  Normally  Loaded  10.50 
by  20   Inch   Balloon  Tires,   all  Dual   Mountings 

when  tires  of  adequate  capacity  are  used,  other  factors 
should  be  considered.  One  factor  which  is  of  particu- 
lar importance  to  highway  engineers  is  the  increased 
intensity  of  road  contact  pressure  which  results  from 
overloading.  Table  7,  based  on  static  tests,  gives 
average  loads  per  unit  of  gross  area  of  contact  and  per 
unit  of  width  of  contact  for  the  three  tire  equipments 
under  consideration.  The  increased  concentration  due 
to  overloading  is  apparent. 

Another  factor  to  be  considered  before  overloading  is 
permitted  is  the  decrease  in  tire  mileage  under  operat- 
ing conditions  involving  heavier  loads  than  those  for 
which  tires  are  designed.  According  to  statements  of 
tire  manufacturers,  the  practice  of  loading  tires  to 
150  per  cent  of  their  recommended  capacities  results 
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Figure  14. — Influence  of  Rim  Diameter  on  the  Impact 
Reactions  Produced  by  High  Pressure  and  Balloon 
Tires,  the  two  Tires  of  Each  Type  Being  Inflated 
to  the  same  Pressure.     Wheel  Load,  6,000  Pounds 

in  a  decrease  of  approximately  50  per  cent  in  the  mileage 
they  would  be  expected  to  give  in  normal  service. 

EFFECT  OF  RIM  DIAMETER  NEGLIGIBLE  IF  INFLATION  PRESSURES 
ARE   EQUAL 

The  influence  of  rim  diameter  on  impact  reactions 
produced  by  tires  of  a  given  sectional  size  is  given  in 
Figures   14   and    15.     Most,   of  not   all,   of   the  high- 

Table  7. — Comparison  of  contact  pressures  developed  by  34  by  7 
inch  high  pressure,  9.00  by  20  inch  balloon,  and  10.50  by  20  inch 
balloon  tires,  under  equal  loads 


Tire  size 

Inflation 
pressure 

Load  per 
tire 

Unit  pres- 
sure, based 
on  gross 
contact 
area 

Average 
load  per 
unit  con- 
tact width 

Inches 
34  by  7 

Lbs.  per 
sg.  in. 

100 

65 

75 

Pounds 

f       i  3, 000 

4,700 
<          6,000 

9,  000 

I          9, 400 

i  3, 000 

4,700 
\          6, 000 

9,000 
I          9, 400 
I        i  4,  700 
{          9, 400 
[         14, 100 

Lbs.  per 

sg.  in. 

86 

=  96 

103 

118 

3  120 

62 

2  72 

78 

89 

390 

78 

88 

100 

Lbs.  per  in. 

581 
2  825 
1  012 

10.50  by  20 

1,488 

3  1,550 

498 

2  750 

933 

1.360 

3  1,  420 

711 

1, 124 

1,621 
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•  34  by  7  inch,  107  pounds  per  square  inch 
x  38  by  7  inch,  93  pounds  per  square  inch 
©900  by20inch,  61  pounds  per  square  inch 
&900  by24inch,   54  pounds  per  square  inch 

Figure  15. — Influence  of  Rim  Diameter  on  the  Impact 
Reactions  Produced  by  High-Pressure  and  Balloon 
Tires,  Each  Tire  Being  Inflated  to  Its  Recommended 
Pressure.     Wheel  Load,  6,000  Pounds 

pressure  and  balloon  tires  in  truck  and  bus  service  in 
this  country  to-day  are  for  appliance  on  rims  having 
diameters  of  20,  22,  or  24  inches.  This  results  in  a 
variation  in  rolling  radius  of  approximately  two  inches 
for  a  given  sectional  size  of  tire.  In  Figure  14  are 
given  the  reactions  obtained  with  7-inch  high-pressure 
and  9.00-inch  balloon  sections  applied  to  20  and  24 
inch  diameter  rims,  the  inflation  pressure  being  93 
pounds  per  square  inch  for  the  7-inch  sections  and  53  to 
54  pounds  per  square  inch  for  the  9.00-inch  sections. 
It  may  be  stated  that,  within  the  scope  of  these  tests, 
there  is  no  important  difference  in  impact  reaction  be- 
tween tires  of  a  given  cross-section  but  differing  by  4 
inches  in  diameter,  when  the  inflation  pressures  are 
equal. 

Referring  back  to  Tables  2  and  3,  we  note  that  the 
recommended  inflation  pressure  for  tires  of  a  given 
section  to  carry  a  given  load  is  less  for  those  mounted 
on  larger  diameter  rims  than  for  those  mounted  on 
smaller  diameters.  In  Figure  15,  another  comparison 
is  made  of  the  reactions  caused  by  7-inch  high-pressure 
and  9.00-inch  balloon  tires  on  20  and  24-inch  rims.  The 
data  here  presented  were  obtained  from  tests  in  which 
each  tire  carried  the  recommended  pressure  for  the 
given  load.  In  this  case  the  reactions  involving  the 
larger   rim   diameter   are   noticeably   less    than    those 
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involving  the  smaller,  and  taken  in  conjunction  with 
the  study  of  Figure  14,  this  decrease  may  be  largely 
attributed  to  the  lower  inflation  pressures  used  with 
the  larger  diameter  tires. 

The  static  load-deflection  curves  given  in  Figure  16 
support  the  impact  reaction  data  given  in  Figures  14 
and  15.  Here  again  it  is  noted  that  where  the  pressure 
is  the  same  there  is  but  little  difference  between  the 
behavior  of  tires  of  a  given  section  but  of  different 
diameters. 
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d- 9.00  by  20  inch  61  pounds  per  square  inch 
e-9.00  by  20  inch  53  pounds  per  square  inch, 
f  -  900  by  24  inch    54  pounds  per  square  inch. 

Figure  16. — Static  Load-Deflection  Curves  Showing 
the  Influence  of  Rim  Diameter  on  High-Pressure 
and  Balloon  Tires 

variation  in  rim  width  has  no  appreciable  influence 

It  frequently  happens  that  a  given  tire  may  properly 
be  applied  to  rims  of  different  widths.  For  instance, 
if  the  original  tire  equipment  on  a  vehicle  were  34  by  7, 
7.50  by  20,'or  8.25  by  20  inch,  the  original  rim  equi- 
ment  would  be  20  by  7  inch.  Should  it  be  desirable  to 
use  9.00  by  20  inch  tires  on  that  vehicle,  accepted 
practice  would  permit  the  application  of  such  tires  to  the 
20  by  7  inch  rims  provided  other  factors  such  as  clear- 
ance and  gear  ratio  did  not  interfere.  However,  if  the 
vehicle  had  been  originally  equipped  with  36  by  8  or 
9.00  by  20  inch  tires  the  rim  equipment  would  have 
been  20  by  8  inch.  The  inflation  pressure  recommended 
for  the  9.00  by  20  inch  tires  would  be  the  same  whether 
mounted  on  either  rim. 

The  impact  reactions  obtained  with  dual  9.00  by  20 
inch  tires  mounted  on  7  and  8  inch  rims  are  given  in 
Figure  17  and  the  corresponding  static  load-deflection 
curves  are  in  Figure  18.  It  is  at  once  apparent  that 
this  variation  of  one  inch  in  rim  width  causes  no 
appreciable  change  in  the  action  of  the  tires. 

COMPARISONS  MADE  WITH  DATA  FROM  EARLIER  TRUCK  IMPACT 

TESTS 

At  this  point  it  would  be  well  to  compare  the  impact 
reactions  obtained  in  these  tests  with  the  bus  chassis 
at  relatively  high  speeds  with  those  obtained  in  the 
earlier  tests  with  trucks  at  relatively  low  speeds.  In 
both  series  of  tests  an  inclined  plane  artificial  obstruc- 
tion 1/2  inches  in  height  and  30  inches  in  length  was 


involved.  For  this  roughness  condition  and  for  com- 
parable tires  and  loads,  results  from  the  bus  and  truck 
tests  have  been  plotted  in  Figures  19,  20,  and  21. 
The  data  concerning  trucks  in  Figures  19  and  20  were 
obtained  from  tests  made  with  a  3-ton  chassis  with 
6,000  and  7,000  pound  wheel  loads,  respectively;  while 
in  Figure  21  they  concern  8,400-pound  wheel  loads  on 
a  5-ton  chassis.  In  the  bus  tests  the  same  chassis  was 
used  for  all  loads. 

The  impact  reactions  for  the  truck  tests  were  com- 
puted by  the  method  allowing  for  variations  in  truck 
spring  pressure  (see  Public  Roads,  June,  1926),  while 
in  the  bus  tests  a  constant  pressure  equal  to  the  pressure 
at  static  load   was   used   in   computation.     Although 
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Figure  17. — Influence  of  Rim  Width  on  the  Impact 
Reactions  Produced  by  Dual  9.00  by  20  Inch  Bal- 
loon Tires.  Wheel  Load  6,000  Pounds;  Inflation 
Pressure,  61  Pounds  per  Square  Inch 

relations  between  variable  factors  are  adequately 
brought  out  by  either  computation  method,  the  truck 
data  were  recomputed  according  to  that  used  in  the 
bus  tests  in  order  that  the  comparisons  herein  presented 
might  be  as  nearly  as  possible  on  the  same  basis.  It 
might  also  be  mentioned  here  that  the  truck  data  were 
taken  by  an  accelerometer  which  acted  on  a  different 
principle  than  that  which  was  used  in  the  bus  tests,  it 
being  the  coil  spring  instrument,  the  calibration  of 
which  was  described  in  the  July,  1930,  issue  of  Public 
Roads. 

In  Figure  19  the  wheel  load  involved  in  each  case 
was  6,000  pounds  and  the  tire  equipments  were  all 
loaded  to  capacity.  The  data  for  balloon  tires  at  an 
inflation  pressure  of  61  pounds  per  square  inch  were 
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Figure  18. — Static  Load-Deflection  Curves  Showing  the 
Influence  of  Rim  Width  on  a  9.00  by  20  Inch  Balloon 
Tire.     Inflation  Pressure,  61  Pounds  per  Square  Inch 

taken  with  dual  9.00  by  20  inch  tires  on  the  bus  chassis. 
The  data  for  high-pressure  pneumatic  tires  at  an 
inflation  pressure  of  100  pounds  per  square  inch  were 
taken  with  dual  34  by  7  inch  tires  on  the  bus  chassis 
and  with  dual  38  by  7  inch  tires  on  a  3-ton  truck  chassis 
as  indicated  in  the  figure.  It  is  worthy  of  note  that 
these  data  from  independently  conducted  tests  involv- 
ing different  vehicles  and  different  instruments  are  in 
such  close  agreement.     The  data  for  new  and  worn 
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a—  worn  solid  tires  on  truck. 
•  —  new  solid  tires  on  truck. 
el  —  high  pressure  tires  on  truck. 

(100  pounds  per  square  inch) 
x  —high  pressure  tires  on  bus. 

(100  pounds  per  square  inch.) 
o  —balloon  tires  on  bus. 

(61  pounds  per  square   inch.) 

Figure  19. — Comparison  of  Data  from  Separately  Con- 
ducted Truck  and  Bus  Impact  Tests,  Showing  Reac- 
tions Produced  by  Various  Types  of  Tire  Equipment. 
Plotted  Points  Denote  Impact  Reactions  Caused  by 
Drop  After  \)i  by  30  Inch  Inclined  Plane 


solid  tires  were  taken  with  dual  36  by  5  inch  tires  on 
the  3-ton  truck  chassis,  the  thickness  of  rubber  visible 
above  the  tire  flange  being  a  little  over  2  inches  for  the 
new  tires  and  averaging  a  little  less  than  1  inch  for  the 
worn  tires. 

The  wheel  load  used  in  the  comparison  shown  in 
Figure  20  was  7,000  pounds,  the  tires  being  loaded  to 
capacity  in  each  case.  The  balloon  tires  at  an  inflation 
pressure  of  63  pounds  per  square  inch  were  the  dual 
9.00  by  24  inch  tires  on  the  bus  chassis  and  the  \\q\x 
cushion  tires  were  dual  36  by  7  inch  on  the  3-ton  truck 
chassis.  The  cushion  tires  included  three  brands  and 
the  average  thickness  of  visible  rubber  beyond  the  tire 
flange  was  3%6  inches. 

The  tire  equipments  compared  in  Figure  21  were  also 
tested  at  capacity  loads.  The  data  for  balloon  equip- 
ment were  obtained  with  the  bus  chassis  using  dual 
l()..r)0  by  20  inch  tires  inflated  to  75  pounds  per  square 
inch  at  which  pressure  the  wheel  load  capacity  was 
9,400  pounds.  The  new  and  worn  solid  tires  were 
tested  at  a  wheel  load  of  S,400  pounds,  using  a  5-ton 
truck  chassis.  They  involved  dual  40  by  6  inch  and 
single  40  by  12  inch  tires  of  each  type,  the  average 
thickness  of  rubber  on  the  new  solid  tires  being  about 
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Figure  20. — Comparison  of  Data  from  Separately  Con- 
ducted Truck  and  Bus  Impact  Tests,  Showing  Reac- 
tions Produced  by  Various  Types  of  Tire  Equipment. 
Plotted  Points  Denote  Impact  Reactions  Caused  by 
Drop  After  Vfa  by  30  Inch  Inclined  Plane 

two  and  one-hall  inches  visible  above  the  flange  of  the 
rim  and  about  three-fourths  inch  in  the  case  of  the  badly 
worn  solid  tires. 

Two  important  facts  may  be  drawn  from  the  data  in 
Figures  19,  20,  and  21.  First,  it  is  evident  that  the 
data  taken  in  the  separately  conducted  truck  and  bus 
impact  tests  are  compatible  at  least  so  far  as  drop  tests 
are  concerned.  The  instruments  used  in  the  two  series 
of  tests  differed  radically  in  theory  of  operation,  yet 
the  results  obtained  are  directly  comparable  and  yield 
reasonable  relations  where  test  conditions  are  selected 
which  are  subject  to  direct  comparison. 

The  second  important  fact  which  may  be  drawn  from 
Figures  19,  20,  and  21  is  that  the  drop  impact  reactions 
developed  at  the  pavement  surface  by  the  wheels  of 
busses  equipped  with  high  pressure  pneumatic  tires 
and  operated  at  relatively  high  speeds  are  no  more 
severe  than  those  developed  by  trucks  equipped  with 
solid  tires  at  equal  or  even  lower  wheel  loads  and  oper- 
ated at  low  or  very  moderate  speeds.  Further  impact 
tests  should  be  made,  however,  to  determine  the  reac- 
tions produced  under  a  wider  range  of  conditions 
involving  various  types  and  characteristics  of  vehicle, 
tire  equipment,  roughness  conditions  and  particularly 
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Figure  21. — Comparison  of  Data  from  Separately 
Conducted  Truck  and  Bus  Impact  Tests,  Showing 
Reactions  Produced  by  Various  Types  of  Tire  Equip- 
ment. Plotted  Points  Denote  Impact  Reactions  Pro- 
duced by  Drop  After  l'_.  by  30  Inch  Inclined  Plane 

speed  ranges  even  greater  than  those  covered  by  the 
truck  and  bus  tests. 

TESTS   MADE   WITH    NATURAL    ROAD   OBSTRUCTIONS 

The  artificial  obstructions  were  intentionally  made 
extraordinarily  severe  in  order  to  expose  positively 
the  influences  of  the  factors  discussed  in  the  preceding 
paragraphs.  To  determine  what  magnitudes  of  impact 
force  are  developed  at  and  by  actual  roughness  condi- 
tions occurring  on  the  highway  surface,  a  number  of 
tests  were  made  at  the  most  severe  of  such  "natural" 
obstructions  as  could  be  readily  isolated  and  existed  at 
locations  favorable  to  the  safe  conduct  of  high-speed 
tests.  Only  roughness  conditions  which  would  retain 
their  shapes  and  dimensions  during  tests  were  used. 

In  Figure  22,  data  are  given  concerning  impact 
forces  developed  with  the  bus  chassis  at  three  natural 
surface  roughness  conditions,  for  three  tire  conditions 
at  recommended  inflation  pressures.  The  wheel  load 
was  6,000  pounds  in  each  case  and  the  maximum 
reactions  developed  under  these  conditions  were 
approximately  two  and  one-half  to  three  times  the 
static  wheel  load  in  the  case  of  the  dual  high-pressure 
pneumatics,  about  two  times  static  for  the  dual  balloon 
and  slightly  less  for  the  single  balloon  equipment.  The 
conclusion  which  was  reached  in  the  discussion  con- 
cerning artificial  obstructions,  that  drop  reactions  at 
moderate  speeds  are  more  severe  than  shock  reactions 
at  a  given  obstruction  except  at  high  speeds,  is  also 
substantiated  by  these  results. 
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•  -34  by  7  inch  dual  high  pressure  tires.  107  pounds 

per  square  inch 
x-9  00  by  20  inch  dual  balloon  tires.  61  pounds  per 

square  inch 
o  -  12  00  by  20  inch  single  balloon  tires.  82  pounds 
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Figure  22. — Impact  Reactions  Produced  by  Rear 
Wheel  of  Bus  Chassis  on  Encountering  Natural 
Road  Roughness  Conditions  Existing  at  Trans- 
verse Joints  on  a  Concrete  Road.  Wheel  Load, 
6,000  Pounds;  Direction  of  Travel,  Left  to  Right 
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Figure  23. — Impact  Reactions  Produced  by  Rear  Wheel  of  Bus  Chassis  on  Encountering  Natural  Road  Roughness 
Conditions  of  Various  Types.  Wheel  Load,  6,000  Pounds;  Tire  Equipment,  Dual  34  by  7  Inch  High-Pressure; 
Inflation  Pressure  100  Pounds  per  Square  Inch;  Direction  of  Travel,  Left  to  Right 


In  Figures  23  and  24,  additional  data  concerning 
actual  surface  roughness  conditions  are  given  for  dual 
34  by  7  inch  high-pressure  tires  and  a  wheel  load  of 
6,000  pounds.  Although  high  speeds  were  not  devel- 
oped for  all  test  conditions  because  of  safety  considera- 
tions, speeds  corresponding  to  those  at  which  the  drop 
reactions  reached  maximum  values  were  attained. 
While  in  a  few  instances  the  reactions  measured  were 
from  three  to  four  times  the  static  wheel  load,  it  is 
significant  that  the  surface  conditions  causing  such 
reactions  were  all  removed  by  maintenance  within 
one  or  two  weeks  after  the  tests  had  been  made. 

It  is  not  believed  that  actual  roughness  conditions 
such  as  were  used  in  these  tests  are  permitted  to  remain 
long  in  existence  on  highways  even  reasonably  well 
maintained.  Where  they  do  occur  they  will  probably 
be  found  at  points  where  failure  has  already  taken  place 
and  repairs  are  necessary.  So  far  as  these  tests  have 
indicated,  the  impact  forces  developed  by  balloon 
and  high  pressure  tires  do  not  reach  dangerous  propor- 


tions as  long  as  the  surface  is  reasonably  smooth  and 
designed  for  the  wheel  loads  involved. 

CONCLUSIONS  SUMMARIZED 

The  data  on  hand  were  obtained  under  experimental 
conditions  strictly  limited  as  to  tire  sizes,  tire  loads, 
inflation  pressures,  rim  diameters,  rim  widths,  types  of 
obstruction  and  vehicle  speeds.  Subject  to  these  lim- 
itations, the  following  conclusions  have  been  established : 

1.  Within  the  economic  range  of  tire  inflation  pres- 
sures (roughly  10  per  cent  below  and  above  standard), 
impact  reactions  vary  in  almost  direct  proportion  to 
inflation  pressures. 

2.  For  the  speeds  attained  during  these  tests  (up  to 
approximately  55  miles  per  hour),  shock  reactions 
increase  approximately  in  direct  proportion  to  speed. 

3.  Drop  reactions  reach  maximum  values  at  rela- 
tively low  speeds  and  reactions  equal  to  these  maximum 
drop  values  are  not  reached  under  shock  conditions 
except  at  relatively  high  operating  speeds. 
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Figure  24. — Impact  Reactions  Produced  by  Rear 
Wheel  of  Bus  Chassis  on  Encountering  Natural 
Road  Roughness  Conditions  Resulting  from  Patch- 
ing Concrete  with  Bituminous  Mixture.  Wheel 
Load,  6,000  Pounds;  Tire  Equipment,  34  by  7  Inch 
High-Pressure;  Inflation  Pressure,  107  Pounds  per 
Square  Inch;  Direction  of  Travel,  Left  to  Right 

4.  For  a  given  natural  road  roughness  condition,  the 
maximum  drop  reaction  which  is  obtained  at  a  relatively 
low  speed  is  not  exceeded  by  the  shock  reactions,  except 
those  obtained  at  relatively  high  speeds. 

5.  Severe  roughness  conditions,  such  as  may  be  occa- 
sionally found  existing  on  actual  pavements,  may  cause 


reactions  as  great  as  three  or  four  times  the  static  wheel 
load,  with  high-pressure  tire  equipment.  However,  it 
should  be  stated  that  roughness  conditions  which  cause 
such  excessive  reactions  are  extreme  and  unusual  and, 
in  general,  the  artificial  obstructions  used  in  these  tests 
are  more  severe  than  natural  obstructions  commonly 
occurring  on  the  highway. 

6.  For  a  given  cross-section  of  tire,  either  in  the  bal- 
loon or  high-pressure  type,  variation  in  rim  diameter 
from  20  to  24  inches  has  but  slight  influence  on  the 
magnitude  of  the  impact  reaction  provided  the  same 
inflation  pressure  is  used  in  each  case.  If  standard, 
recommended  inflation  pressures  are  used,  then  the 
larger  diameter  tire  causes  a  lower  impact  reaction 
because  of  the  lower  inflation  pressure  which  it  carries. 

7.  A  change  in  rim  width  from  7  to  8  inches  causes 
no  appreciable  change  in  the  impact  reactions  of  a  9.00 
by  20  inch  tire,  the  same  inflation  pressure  being  used 
in  each  case. 

8.  At  a  given  inflation  pressure,  the  variation  in  load 
from  capacity  to  50  per  cent  overload  has  compara- 
tively little  influence  on  the  magnitude  of  the  impact 
reactions  obtained,  expressed  in  force  units.  Expressed, 
however,  as  a  percentage  of  the  static  load,  the  values 
obtained  decrease  as  the  load  is  increased. 

9.  For  a  given  type,  single  tires  cause  lower  reactions 
than  dual  tires  whose  combined  capacity  is  equal  to 
that  of  the  single. 


THE  EFFECT  OF  THE  DIMENSIONS  OF  TEST  SPECIMENS 
ON  THE  FLEXURAL  STRENGTH  OF  CONCRETE1 

Reported  by  F.  V.  REAGEL  and  T.  F.  WILLIS,  Bureau  of  Materials,  Missouri  State  Highway  Department 


THE  committee  on  materials  of  the  American 
Association  of  State  Highway  Officials,  working 
through  a  sectional  committee,  has  been  studying 
the  flexure  test  of  concrete  in  an  attempt  to  standardize 
the  method  and  apparatus  for  making  this  test.  After 
a  study  of  the  various  devices  used,  the  sectional  com- 
mittee decided  that  in  order  to  establish  a  foundation 
for  its  work,  it  would  be  necessary  to  design  apparatus 
which  would  comply  as  closely  as  possible  with  the 
requirements  of  the  assumptions  on  which  the  flexure 
formula  is  based.  Such  a  design  was  adopted  at  the 
November,  1929,  meeting  of  the  sectional  committee. 
The  next  step  was  to  choose  a  standard  size  of  speci- 
men. To  do  this,  it  was  necessary  first  to  know  what 
effect  a  variation  in  the  dimensions  of  the  test  specimen 
had  on  the  modulus  of  rupture,  as  determined  with  the 
new  apparatus.  The  purpose  of  the  experiment  reported 
here  was  to  determine  this  effect. 

As  a  check  on  the  results  and  in  order  to  determine 
what  may  be  expected  in  the  way  of  uniformity  of  test 
results  when  the  specially  designed  apparatus  is  used 
in  different  laboratories,  this  complete  experiment  was 
performed  by  each  of  four  State  highway  laboratories, 
Illinois,  Iowa,  Missouri,  and  Tennessee. 

EXPERIMENT   COVERED   WIDE   VARIATION  IN   TEST   SPECIMENS 

The  experiment  consisted  of  making  and  testing  768 
plain  concrete  beams.  Each  laboratory  made  three  series 
of  64  beams,  each  series  consisting  of  one  beam  for  every 
possible  combination  of  the  following  dimensions: 

Width  (inches) 4,  6,  8,  and  10 

Depth  (inches) ■_  4,  6,  8,  and  10 

Length  (inches) 20,  26,  32,  and  38 

Throughout  the  experiment  every  effort  was  made  to 
minimize  any  effects  on  the  modulus  of  rupture  caused 
by  variables  other  than  those  being  studied,  viz.,  width 
and  depth  of  test  specimen,  and  length  of  span.  To 
this  end,  every  step  was  carefully  outlined  prior  to  per- 
formance of  the  experiment.  Materials  used  by  all 
laboratories  were  obtained  from  the  same  sources;  and 
a  man  was  sent  to  each  laboratory,  at  the  time  the  first 
series  of  beams  was  made,  to  assist  in  promoting  uni- 
formity in  any  way  possible.  From  this  viewpoint,  it 
is  believed  that  this  is  one  of  the  most  comprehensive 
cooperative  concrete  experiments  ever  undertaken. 

EXPERIMENTAL  PROCEDURE   OUTLINED 

Materials. — A  sufficient  quantity  of  each  material — 
cement,  sand  and  coarse  aggregate — to  supply  all  four 
laboratories  was  obtained  from  a  single  source.  The 
cement  was  a  standard  brand  of  Portland  cement,  the 
entire  amount  of  which  was  selected  from  one  bin  at  the 
producer's  plant,  and  was  thoroughly  mixed  to  insure 

1  This  article  is  a  report  of  an  experiment  conducted  by  the  sectional  committee  on 
flexure  tests  of  concrete,  of  the  American  Association  of  State  Highway  Officials. 
The  Sectional  Committee  is  comprsed  of  the  following  members:  F.  V.  Reagel, 
engineer  of  materials,  Missouri  State  Highway  Department,  chairman;  A.  V.  Bratt, 
engineer  of  materials,  Massachusetts  State  Highway  Department;  E.  W.  Bauman, 
engineer  of  materials,  Tennessee  State  Highway  Department;  V.  L.  Glover,  engineer 
of  materials,  Illinois  State  Highway  Department;  F.  G.  Lang,  engineer  of  materials, 
Minnesota  State  Highway  Department;  H.  S.  Mattimore,  engineer  of  materials, 
Pennsylvania  State  Highway  Department:  Bert  Myers,  engineer  of  materials,  Iowa 
State  Highway  Department;  The  U.  S.  Bureau  of  Public  Roads.  The  report  was 
submitted  to  and  approved  by  the  committee  on  materials  of  the  American  Associa- 
tion of  State  Highway  Officials. 


uniformity  before  being  divided  and  shipped  to  the 
different  laboratories.  The  line  aggregate  consisted 
of  a  good  quality  of  quartz  sand  taken  from  the  Mis- 
souri River  at  Boonville,  Mo.  This  material  was 
sacked  from  stockpile  while  in  a  damp  condition  and 
one  sack  out  of  every  four,  taken  in  the  order  of  sack- 
ing, was  shipped  to  a  different  laboratory.  The  coarse 
aggregate  consisted  of  crushed  Burlington  limestone. 
This  material  was  separated  by  screening  into  three 
sizes,  1  to  3/4  inch,  3/4  to  1/2  inch  and  1/2  to  1/4  inch, 
and  a  sufficient  quantity  of  each  size  was  shipped  to 
each  laboratory.  In  this  way  it  was  assured  that  all 
batches  of  concrete  contained  an  aggregate  of  pre- 
scribed gradation. 

Each  laboratory  remixed  its  portion  of  each  material 
and  allowed  both  the  fine  and  the  coarse  aggregate  to 
become  thoroughly  air  dry  prior  to  the  proportioning 
of  batches  for  concrete. 

Proportioning. — All  materials  were  proportioned  by 
weight  into  batches  of  the  same  size.  Three  labora- 
tories used  a  batch  of  2.5  cubic  feet  and  the  other  (No. 
2)  used  a  5-cubic-foot  batch.  All  laboratories  used  the 
same  water-cement  ratio,  0.703. 

Mixing  concrete  and  molding  specimens. — Labora- 
tories Nos.  1,  3,  and  4  used  3-cubic-foot  capacity 
mixers  and  No.  2  used  a  7 -cubic-foot  mixer.  The  first 
three  washed  and  drained  the  mixer  after  each  batch 
was  mixed.  Laboratory  No.  2,  using  a  7-cubic-foot 
mixer,  was  unable  to  do  this  because  the  concrete  dis- 
charge chute  was  so  arranged  that  the  mixer  drum 
would  not  drain  readily.  The  procedure  followed  in 
this  laboratory  in  mixing  the  batches  for  each  series  of 
specimens,  was  to  mix  one  batch,  discard  it,  and  use 
the  next  batch  as  the  first  in  the  series.  This  meant  that 
each  batch  mixed  in  Laboratory  No.  2  presumably 
had  more  mortar  in  it  than  any  batch  mixed  in 
any  of  the  other  laboratories. 

All  specimens  were  molded  according  to  a  prescribed 
method.  For  the  specimens  4  and  6  inches  in  depth 
the  forms  were  filled  to  overflowing  and  the  sides  and 
ends  spaded  with  a  flat  spade,  by  cutting  the  concrete 
away  from  the  forms,  without  tamping  or  rodding. 
For  the  specimens  8  and  10  inches  in  depth  the  concrete 
was  placed  in  the  forms  in  two  layers  each  of  which  was 
spaded  as  described  above.  As  soon  as  the  spading 
operation  was  finished,  the  tops  of  the  specimens  were 
struck  off  level  with  the  forms  by  screeding  with  a  wood 
straight  edge,  and  then  floated  lightly  with  a  metal 
trowel. 

The  average  air  temperature  in  the  mixing  room  of 
all  laboratories,  and  the  average  temperature  of  the 
freshly  mixed  concrete  varied  from  67°  F.  to  76°  F. 

Curing  specimens. — All  laboratories  cured  the  beams 
for  the  first  24  hours  with  wet  burlap  and  the  following 
27  days  in  moist  room.  The  temperature  and  humid- 
ity records  of  the  moist  rooms  during  the  curing  period, 
submitted  by  all  laboratories,  showed  that  curing  con- 
ditions were  very  uniform.  The  average  curing  tem- 
peratures for  all  laboratories  fell  in  the  range,  70°  F. 
±4°  F. ;  the  maximum  range  for  any  one  laboratory 
was  from  62°  F.  to  77°  F.  and  these  extremes  occurred 
only  for  parts  of  a  few  days.  The  average  humidities 
for  all  laboratories  fell  in  the  range,  98.5  per  cent±  1.5 
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per  cent;  the  maximum  range  for  any  one  laboratory 
was  from  97  per  cent  to  100  per  cent. 

Testing  sped  metis. — All  specimens  were  tested  in  a 
saturated  condition  at  the  age  of  28  days.  They  were 
tested  in  the  A.  A.  S.  H.  O.  specially  designed 
thirdpoint  apparatus  mounted  on  a  universal  testing 
machine.  The  speed  of  cross  head  varied  from  0.05 
to  0.1  inch  per  minute.  Beams  were  placed  in  the 
machine  so  that  the  top  faces  as  molded  were  in  tension 
during  test. 

The  cross-section  of  the  beam  was  measured  at  the 
plane  of  fracture,  the  width  to  an  accuracy  of  0.1  inch, 
and  the  depth  to  an  accuracy  of  0.05  inch.  The 
modulus  of  rupture  was  calculated  from  the  formula, 


/= 


SQL +  3/4  II') 
bet2 


Where 


j—  Modulus  of  rupture  in  pounds  per  square  inch. 
L  =  Total  applied  load  in  pounds. 
<S'=Span  of  beam  in  inches. 
W=  Weight  of  beam  in  pounds. 
b  =  Width  of  beam  in  inches. 
d  =  Depth  of  beam  in  inches. 

Description  of  apparatus.2 — Figures  1  and  2  show 
different  views  of  the  apparatus  used  in  making  these 
tests.  The  test  specimen  is  supported  by  the  lower 
cross  members  of  two  free-swinging  stirrups.  These 
stirrups  in  turn  are  swung  from  knife-edge  supports  on 
a  heavy  steel  member  fastened  across  the  top  of  the 
cage  of  the  testing  machine.  This  method  of  support- 
ing the  specimen  eliminates  any  possibility  of  restraint 
of  the  elongation  of  the  fibers  on  the  tension  side  of  the 
test  specimen  during  a  test. 

The  cross  member  on  the  lower  end  of  one  stirrup  is 
fitted  with  a  cylindrical  segment  which  can  rotate  in 
a  socket  in  a  plane  perpendicular  to  the  axis  of  the 
beam  and  above  this  a  knife-edge  support  permitting 
rotation  in  a  plane  parallel  with  the  axis  of  the  beam. 
The  other  cross  member  has  only  the  knife-edge  bearing. 
These  accessories  insure  uniform  support  to  a  specimen 
during  test  even  though  the  specimen  is  not  a  perfect 
rectangular  prism. 

The  load-applying  mechanism  consists  essentially  of 
a  secondary  beam  parallel  to  the  axis  of  the  specimen 
with  a  transverse  plate  at  each  end  of  the  beam.  The 
load  is  applied  by  the  moving  cross  head  of  the  machine 
through  a  cylindrical  segment  and  socket  to  the  center 
of  the  secondary  beam  and  then  transferred  through 
cylindrical  segments  (at  right  angles  to  the  first)  at 
each  end  of  the  secondary  beam  and  transverse  plates 
and  2-inch  rollers  to  the  test  specimen.  The  rollers 
and  plates  are  set  so  that  the  load  is  applied  at  the 
one- third  points  of  the  span  of  the  test  specimen.  The 
use  of  these  various  accessories  eliminate  the  possibil- 
ity of  inducing  torsional  stress  in  the  specimen,  a  condi- 
tion often  found  where  a  rigid  load-applying  apparatus 
is  used.  The  various  parts  of  the  load-applying  mech- 
anism are  joined  by  flexible  springs  which  permit  the 
entire  mechanism  to  be  handled  as  a  unit  when  placing 
a  specimen  in  position. 

It  is  believed  that  this  apparatus  successfully  per- 
forins its  intended  function,  viz.,  to  insure  that  the 
specimen  is  subjected  only  to  coplanar  forces  perpen- 

:  This  apparatus  »  is  designed  for  the  committee  by  F.  X.  Wrav,  research  assist- 
ant. .Missouri  state  Highvt  aj  I  lep  irtment,  and  embodies  several  suggestions  made 
by  Messrs.  Bert  Myers  and  A.  E.  Stoddard  of  the  Iowa  State  Highway  Department 
and  T.  F.  Willis  of  the  Missouri  State  Highway  Department. 


dicular  to  the  axis  of  the  beam  and  that  there  is  no 
restraint  to  the  deformation  of  the  fibers  of  the  speci- 
men. 

In  the  tests  under  discussion  the  apparatus  appeared 
to  work  perfectly.  All  the  devices  which  were  installed 
to  insure  proper  stressing  of  the  specimen  functioned 
as  intended.  While  the  apparatus  was  a  little  cum- 
bersome and  each  test  required  considerable  time,  this 
was  largely  because  the  machine  had  to  be  built  to 


Figure  1. — General  View  of  Apparatus  for  Flexure 
Tests  of  Concrete  Beams,  Showing  Specimen  in 
Place,  Ready  to  be  Tested 

accommodate  the  various  sizes  of  beams  used  in  this 
experiment.  An  apparatus  similarly  constructed  but 
intended  for  use  on  a  single  size  of  specimen  would  be 
much  simpler  to  operate. 

UNIFORMITY   OF    MATERIALS   AND   CONCRETE   TESTED 

The  tests  performed  by  the  four  laboratories  on  the 
materials  used  in  this  experiment  are  shown  in  Tables 
1,  2,  and  3.  In  general  the  data  are  very  consistent 
and  show  that  the  attempt  to  provide  similar  materials 
for  all  the  laboratories  was  successful. 

The  tabulation  given  below  shows  the  consistency 
of  the  concrete  used  by  the  different  laboratories. 

Laboratory  No 12         3         4 

Average  slump  (inchest 1.7     1.1     2.4     0.8 

Maximum  slump  (inches) 2.2     1.8     2.7     0.9 

Minimum  slump  (inches) 1.5     0.9     2.1     0.5 
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Table  1.— Characteristics  of  cement  used  in  flexure  tests  of  concrete 

beams 


Table  3. — Characteristics  of  coarse  aggregate  used  in  flexure  tests 
of  concrete  bt  ams 


Laboratory  No. 

Sam- 
ple 

No. 

Tensile 
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(pounds 

per  square 

inch) 

Per 
cent 
water 

at 
nor- 
mal 
con- 
sist- 
ency 

Time 
(min 

Ini- 
tial 

of  set 
utes) 

Final 

Fineness: 
Per  cent 
retained 

on  No. 
200 

screen 

Soundness 

7 
days 

28 
days 

1 

n 

395 
397 
361 

461 
478 
423 

23.6 
23.6 
23.6 

190 
160 
180 

370 
355 
370 

6.8 
6.  1 
6.  3 

Satisfactory. 
Do. 

Do. 

Average 

384 

454 

23.6 

177 

365 

6.4 

I'M 

n 

9 

388 
377 

378 

478 
452 
428 

24.0 
24.0 

24.5 

185 
185 
205 

270 
260 
335 

5.8 
5.9 
6.0 

Do. 
Do. 

Do. 

381 

452 

24.2 

192 

288 

5.9 

Do. 

n 

3.. 

367 
412 
408 

520 
492 
447 

23.5 
24.0 
24.0 

180 
205 
210 

360 
385 

405 

7.5 
6.7 
6.  1 

Do. 
Do. 

Do. 

396 

486 

23.8 

198 

383 

6.8 

Do. 

{! 

4 

417 
425 

405 

485 
473 

465 

23.0 
23.0 
23.0 

227 
230 
234 

410 
400 

403 

5.4 
6.0 
6.0 

Do. 
Do. 
Do. 

Average 

416 

474 

23.0 

230 

in! 

5.8 

Do. 

ories. 

Average  of  all  labora 

394 

466 

23.6 

204 

360 

6.2 

Do. 

Table  2. — Characteristics  of  fine  aggregate  used  in  flexure  tests  of 
concrete  beams 
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31 
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11.6 
10.8 

2.9 
1.0 

1.22 
1.23 

1.08 

1.  07 

Average  - 

114 

31 

97.2 

88.0 

68.8 

33.4 

11.5 

2.4 

1.22 

1.08 

u 

2 

115 
115 
115 

30 
30 
30 

95.5 
96.0 
96.0 

84.6 
87.0 
88.0 

65.5 
70.0 
70.0 

33.7 
37.0 
39.0 

10.0 
12.0 
12.0 

1.8 
2.0 
2.0 

1.09 
1.30 
1.14 

1.12 
1.18 

1.  14 

115 

30 

95.8 

86.5 

68.5 

36.6 

11.3 

1.9 

1.18 

1.  15 

Is 

3 

114 
113 
114 

31 

32 
31 

96 

98 
95 

84 
86 
83 

62 

66 
60 

29 
30 
26 

9 
9 
8 

1 
1 

1 

1.31 
1.15 
1.10 

.95 
1.07 

1.17 

114 

31 

96.3 

84.3 

62.7 

28.3 

8.7 

1.0 

1.19 

1.06 

I! 

4 

3  102 
3  102 
'102 

:■  :is 
3  39 
3  39 

97.3 
96.3 
96.7 

89.4 
86.6 
86.3 

70.2 
65.4 
66.4 

31.9 
30.5 
30.2 

11.5 
9.7 
10.8 

1.8 
1.  1 

1.7 

1    23 
1.26 
1.39 

1.16 
1.17 

1.21 

Average.. 

3  102 

3  39 

96.8 

87.4 

67.3 

30.9 

10.7 

1.5 

1.29 

1.  IS 

all 

s 

Average     o 
laboratory 

114 

31 

96.5 

86.5 

66.8 

32.3 

10.7 

1.7 

1.22 

1.12 

1  In  terms  of  values  given  by  standard  Ottawa  sand. 

2  Average  of  test  results  on  5  samples. 

3  Values  determined  for  damp  loose  volumes— excluded  from  average. 

Note.— Specific  gravity  varied  from  2.63  to  2.65  but  average  from  each  laboratory 
gave  2.64. 

MEASUREMENTS     OF     MODULUS     OF     RUPTURE     SHOW     SIMILAR 
UNIFORMITY 

In  table  4  are  given  the  means  of  the  variations  of 
the  individual  tests  of  the  three  series  from  the  aver- 
age of  the  three  series  of  tests  conducted  in  each  of  the 
four  laboratories.  The  values  in  the  table  are  expressed 
as  percentages  of  the  average  moduli  of  rupture  for  the 
four  series.  The  table  is  not  complete  in  that  it  does 
not  give  values  for  all  the  different  sizes  of  beams,  but 
the  values  given  are  representative  of  the  entire  group. 
For  each  size  of  beam  the  average  of  the  mean  varia- 
tions for  the  four  laboratories  is  tabulated;  and  for 
each  laboratory  the  average  of  the  mean  variations  for 
all  sizes  is  also  given. 


Laboratory 
No. 

Sample 
No. 

Weight 
per  eu- 
bicfoot 
(dry- 
rod  tied) 

Per 

cent 
void 
space 

Appar- 
ent 
specific 
gravity 

Per 

cent 
absorp- 
tion in 
30  min- 
utes 

Per 
cent 

passing 
l'^-inch 
square 
screen 

Per 
cent 
passing 
•Ji-inch 
square 
screen 

Per 
cent 

passing 
?8-inch 
.square 
screen 

1 ... 

'  1 
1         I 

I      i 

91.8 

45.2 

2  '  • 

0.2 

100 

76.2 

13.4 

9 

95.1 
96.0 
95.6 

43.3 

43.0 
43.1 

2.69 
2.69 
2. 69 

0.4 

0.3 
0.3 

1C0 

100 
100 

72.0 
73.2 

70.5 

14.0 

15  3 

13.5 

Average. 

95.  6 

43.1 

'.»  69 

0.3 

100 

73.9 

14.3 

J      I 

1 i 

3 

92.7 
90.4 
90.0 

44.1 

45.7 
46.  1 

2. 66 

2.67 
2.67 

2.67 

0.5 
0.4 
0.4 

0.4 

mil 
100 
100 

76.0 
77.0 
77.0 

15.0 
15.0 
14.0 

Average.. 

91.0 

45.3 

100 

76.7 

14.7 

4 

92  0 
92.0 
91.0 

45.7 
45.5 
46.3 

2.71 
2.70 
2.71 

0.2 
0.  1 
0.1 

100 
100 
100 

70.0 
70.9 
03.6 

9.2 

8.0 
8.5 

Average. . 

91.7 

45.8 

2.71 

0.1 

100 

68.2 

8.6 

labora- 

Average  of  all 

92.5 

44.9 

2.  09 

0.25 

100 

73.8 

12.8 

1  Average  of  test  results  on  4  samples. 

It  will  be  observed  that,  in  general,  the  larger  sizes 
of  beams  showed  a  lower  mean  variation.  This  may 
be  due  to  the  effect  of  coarse  aggregate,  which  in  this 
experiment  was  of  1-inch  maximum  size.  The  differ- 
ence in  mean  variation  of  results  for  the  large  and  small 
beams  is  not  entirely  consistent,  nor  is  its  magnitude 
sufficient  to  warrant  the  conclusion  that  the  smaller 
sizes  of  beams  should  not  be  used  with  1-inch  coarse 
aggregate.  There  is,  however,  an  indication  that  the 
larger  sizes  given  more  consistent  results. 

The  averages  of  the  mean  deviations  for  each  labora- 
tory range  from  3.16  per  cent  to  4.40  per  cent  with  a 
grand  average  of  3.86  per  cent.  This  is  considered 
better  than  ordinary  for  concrete  testing. 

Table  5  shows  the  percentage  variation  of  the  aver- 
age of  each  laboratory's  results  from  the  average  of  the 
four  laboratories  for  several  sizes  of  specimen;  and 
appended  to  the  table  are  average  moduli  of  rupture 
for  all  tests  performed  by  each  laboratory. 

In  either  the  values  for  any  one  laboratory  or  the 
averages  for  the  four  laboratories  there  is  no  consis- 
tent  relation   between   percentage  variation  and   size 

Table  4. — Mean  percentage  variations  of  individual  test  results  of 
three  series  from  the  average  values  of  modulus  of  rupture  for  all 
series 


Dimensions  of  beam  ' 


4  by  4  by  18. 
4  by  4  by  24. 
4  by  4  by  30. 
4  bv  4  by  36. 
6  by  6  by  18. 
6  by  6  by  24. 
6  by  6  by  30... 
6  by  6  by  36— 
8  by  8  by  18... 
8  by  8  by  24... 
8  bv8bv30__. 
8  by  8  by  36... 
10  by  10  bv  18. 
10  bv  10  by  24. 
10  by  10  by  30. 
10  by  10  by  36. 


Inches 


Average  of  all  sizes. 


Mean  variation  of  individual 

test  result 

Labora- 

Labora- 

Labora- 

Labora- 

tory 

tory 

tory 

tory 

No.  1 

No.  2 

No.  3 

No.  4 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

4.07 

7.31 

3.92 

6.24 

1.75 

7.64 

5.58 

3.62 

3.10 

5.42 

7.90 

3.36 

3.53 

6.43 

5.50 

5.49 

0.71 

3.26 

4.13 

4.96 

0.44 

2.17 

4.98 

2. 30 

3.22 

2.  1 7 

1.45 

4.  43 

3.49 

5.32 

5.07 

1?.  01 

3.23 

4.03 

5.97 

4.04 

4.64 

3.  58 

0.76 

4.56 

4.00 

1.97 

2.86 

2.61 

3.99 

3.07 

7.14 

2.31 

3.71 

1.34 

2.57 

2.64 

2.76 

4.32 

2.92 

5.  84 

1.95 

1.35 

4.14 

3.43 

2.92 

3.69 

4.40 

3.16 

4.40 

3.75 

4.12 

Averago 
of  all 

labora- 
tories 


Per  cent 
5.38 
4.65 
4.94 
5.24 
3.27 
4.19 
2.28 
4.58 
3.81 
3.26 
3.35 
4.20 
2.48 
3.16 
3.32 
3.61 


3.86 


1  Dimensions  are  given  in  depth,  width  and  length  of  span, 
beam,  add  2  inches. 


For  total  length  of 


40 


PUBLIC    ROADS 


Vol.  12,  No.  2 


of  beam.  This  indicates  that  the  beam  size  did  not 
affect  the  uniformity  of  results  obtained  by  the  different 
laboratories;  in  other  words  the  different  laboratories 
check  each  other  as  well  with  one  size  of  beam  as 
with  another. 


Figure  2. — Apparatus  for  Third-Point  Application  of 
Load  to  Concrete  Beams 

Table  5. — Percentage  variation   of  average  values  of  modulus  of 
rupture  for  inch  laboratory  from  average  of  four  laboratories 


Variation  of  average  modulus 
of  rupture 

Average 

of  all 
labora- 
tories 

Dimensions  of  beam 

l   dona- 
tory 
No.  1 

Labora- 
tory 
No.  2 

Labora- 
tory 

No.  3 

Labora- 
tory 
No.  4 

lull,:  ■ 

i  bj  I  bj  is  ....  _ 

Per  cent 
0.46 

.22 
1.26 
4.25 
3.09 
5.65 
1.91 
5.80 
2.60 

.49 
9.34 
4.41 

.68 
5.28 
6.06 
5.82 

3.58 

787 

Per  cm! 
12.  24 
5.23 
5.51 
4   11 
5.44 
5.77 
9.  4.' 
8.88 
5.20 
3.  62 
7.07 
7.  30 
4.65 
2.  51 
7.51 
(>.  34 

Per  cent 
11.44 
7.  09 

1.  4!) 
1.73 
4.  20 

2.  04 
1.  19 

.  11 

65 

1.00 

1.92 

3.  27 
1.37 

5  si 
4.34 

6  34 

Per  cent 
1.49 
2.21 
2.41 
1.S4 
1.73 
2.  28 
6.  32 
3.20 
2.  21 
1.00 
.26 
5.  16 
4.  10 
2.  '.HI 
5.66 
6.72 

Per  lenl 
6  41 

6  by  4  by  18.... 

3  68 

8  by  4  by  is 

2  67 

id  by  1  bv  is 

2  99 

4  by  (i  h\  24  . 

3  62 

6  by  6  by  24... 

3  94 

8  bv  (i  by  24 

4  71 

10  by  6  by  24.  ..   . 

4  50 

4  by  8  bv  30 

2  67 

6  bj  8  b>  30 

2  28 

8  by  8  h\  30 

4  80 

in  bj  8  b>  30-  . 

5  04 

4  by  10  \,\  36 

2  70 

6  by  10  bv  36.. 

4   12 

8  by  Mi  bj  36 

10  by  10  by  36 

6  30 

Average  of  all  sizes 

Average  modulus  of  rupture  fur  all 
tests ._ 

6.34 
857 

3.56 

sou 

3.09 

804 

4.  14 
812 

The  average  percentage  variations  are  shown  in 
the  next  to  the  hist  horizontal  line.  The  average 
variations  for  the  results  from  three  of  the  laboratories 
are  approximately  the  same,  but  that  of  laboratory 
No.  2  is  nearly  twice  as  great.  The  average  of  all 
results  for  laboratory  No.  2  is  considerably  above  the 


averages  for  the  other  laboratories,  and  this  is  consist- 
ently true  of  their  individual  results.  In  other  words 
the  results  were  consistent  within  themselves,  but  for 
some  reason  were  higher  than  the  corresponding  results 
of  the  other  laboratories.  The  record  of  molding,  cur- 
ing, and  testing  specimens  reveals  only  one  radical 
difference  between  the  procedure  used  by  this  labora- 
tory and  that  used  by  the  others,  viz.,  that  they  mixed 
a  double  batch,  did  not  wash  or  drain  the  mixer  after 
mixing  each  batch,  and  therefore  probably  had  a  higher 
mortar  content  in  each  batch  than  did  the  other  labora- 
tories. Only  experiment  can  tell  whether  this  was  the 
cause  of  the  higher  test  results. 

In  spite  of  this  the  grand  average  for  all  laboratories 
is  only  4.14  per  cent,  which  is  approximately  the  same 
as  the  four  laboratories'  average  mean  percentage  varia- 
tion of  individual  tests  from  the  average  of  three  series. 
In  other  words,  it  appears  that  the  degree  of  uniformity 
between  the  average  results  obtained  in  four  different 
laboratories  was  as  good  as  the  uniformity  between  the 
three  series  of  tests  run  in  any  one  laboratory.  This 
indicates   that  by  maintaining  properly  standardized 


1. 

1 

NJ 

> 

)\. 

I    DEPTH    OF    BEAM   -  INCHES 


2  -WIDTH    OF    BEAM  -  INCHES 


• 

906't 

24 
3:LF.NGTH   OF  SPAN 


30 

INCHES 


Figure  3. — Effect  of  Depth  of  Beam,  Width  of  Beam, 
and  Length  of  Span  on  Modulus  of  Rupture  of 
Concrete  Test  Specimens,  as  Shown  by  Averages 
of  Results  from  Four  Laboratories 
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procedures  and  using  the  same  materials,  different 
laboratories  can  check  each  other  within  reasonable 
limits.  The  results  are  particularly  gratifying  in  view 
of  the  time  and  expense  gone  to  in  preparing  for  this 
experiment. 

DATA    ANALYZED    AND    DISCUSSED 

The  results  of  the  tests  of  modulus  of  rupture  are 
given  in  Table  6  and  Figures  3  to  9.  Table  6  contains 
values  of  modulus  of  rupture  for  all  the  tests.  The 
tabulated  values  which  are  not  marked  as  averages  are 
themselves  averages  of  three  tests  made  on  different 
days.  It  will  be  observed  that  a  complete  systsm  of 
averaging  has  been  carried  out.  The  different  types  of 
average  which  are  given  may  be  described  as  follows: 

For  a  given  laboratory,  a  given  span,  and  a  given  width: 

The  average  value  given  by  all  four  depths. 
For  a  given  laboratory,  a  given  span,  and  a  given  depth: 

The  average  value  given  by  all  four  widths. 
For  a  given  laboratory  and  a  given  span: 

The  average  value  given  by  all  combinations  of  width  and 
depth. 
For  all  four  laboratories  and  a  given  span: 

The  average  value  given  by  each  combination  of  width 
and  depth. 
For  all  four  laboratories,  a  given  span,  and  a  given  width: 

The  average  value  given  by  all  four  depths. 
For  all  four  laboratories,  a  given  span,  and  a  given  depth: 

The  average  value  given  by  all  four  widths. 
For  all  four  laboratories  and  a  given  span: 

The  average  value  given  by  all  combinations  of  width  and 
depth. 
For  a  given  laboratory,  all  four  spans,  and  a  given  width : 

The  average  value  given  by  all  four  depths. 
For  a  given  laboratory,  all  four  spans,  and  a  given  depth : 

The  average  value  given  by  all  four  widths. 
For  a  given  laboratory  and  all  four  spans: 

The  average  value  given  by  all  combinations  of  width  and 
depth.3 
For  all  four  laboratories,  all  four  spans,  and  a  given  width: 

The  average  value  given  by  all  four  depths. 

'  This  average  value  appears  twice  in  Table  6. 


o    800 


depth  of  beam  -inches 

Figure  4. — Effect  of  Depth  of  Beam  on  the  Modulus 
of  Rupture  of  Concrete  Test  Specimens.  Average 
Values  for  All  Widths  of  Beam  and  All  Lengths  of 
Span  are  Plotted  Separately  for  Each' Laboratory 


Table  6. — Results  of  tests  to  determine  the  effect  of  the  dimensions  of  lest  specimen  on  the  flexural  strength  of  concrete.      Values  of  the 
modulus  of  rupture,  in  pounds  per  square  inch,  are  tabulated  according  to  width  and  depth  of  beam  and  length  of  span 


Width 

of 
beam 

18-i 

nch  span 

21-inch  span 

30-i 

nch  span 

36-inch  span 

Average 
of  all 
spans 
and  all 
depths 

787 
788 
784 

788 

Depth 
of 

beam 

Average 
of  all 
spans 
and  all 
widths 

Laboratory  No. 

Depth  of  beam  in 
inches 

Av- 
er- 
age 

Depth  of  beam  in 
inches 

Av- 
er- 
age 

Depth  of  beam  in 
inches 

Av- 
er- 
age 

789 

787 
782 
787 

Depth  of  beam  in 
inches 

Av- 
er- 
age 

4 

6 

8 

10 

4 

6 

784 
785 
823 
796 

8 

10 

4 

6 

8 

10 

77  L' 
771 
766 
748 

4 

6 

8 

797 
760 
766 
775 

10 

736 
718 
713 
728 

1  

Inches 
4 
6 
8 
10 

878 
859 
860 
833 

777 
842 
825 
824 

754 
817 
731 
791 

773 

701 
734 
743 
793 

743 

778 
813 
790 
810 

798 

876 
850 
813 
858 

752 
755 
768 
751 

752 
729 
721 
731 

733 

791 
780 
781 
784 

784 

828 
811 
831 
850 

806 
769 
823 
792 

798 

749 
797 
709 

759 

831 
825 
844 
799 

799 
790 

803 
786 

791 
773 
782 
772 

Inches 
4 
6 
8 
10 

841 
802 

765 

741 

858 

817 

850 

797 

757 

830 

754 

764 

786 

825 

795 

775 

724 

780 

787 

787 

2 

(    4 
1     6 
1     8 
1    10 

981 
906 
919 
906 

845 
819 
902 
890 

843 
909 
857 
865 

868 

786 
787 
775 
774 

780 

864 
863 
863 
859 

862 

899 
918 
890 
904 

903 

853 
880 
918 
920 

893 

799 
844 

K'JO 

867 
850 

777 
800 
834 
798 

832 
860 
884 
872 

941 

918 
927 
868 

848 
817 
900 
883 

809 
830 
842 
852 

833 

719 
785 
803 
807 

829 
838 
868 
852 

856 
963 
913 
888 

857 
867 
888 

895 

814 
860 
860 
862 

765 
777 
816 
822 

824 
867 
869 
867 

837 

857 
871 
864 

4 

6 
8 
10 

912 

876 
849 
789 

928 

871 

802 

862 

913 

862 

778 

847 

905 

877 

849 

795 

857 

857 

857 

3 

!_| 

774 
800 
858 
855 

750 
799 
829 
804 

771 
769 
802 
867 

761 
750 
813 
770 

773 

764 
779 
825 
824 

798 

819 
801 
861 
849 

832 

775 
815 
829 
844 

816 

758 
764 
746 
783 

791 
778 
810 
770 

787 

786 
789 
812 
812 

799 

810 
812 
837 
822 

820 

816 
817 
850 
825 

826 

764 
869 
797 
820 

742 
786 
795 
765 

7.S3 
795 
820 
808 

795 
842 
811 

781 
833 
850 
838 

766 
810 
792 
791 

721 

802 
792 
822 

761 

811 
81!) 
816 

773 
793 
817 
815 

4 

6 
8 
10 

820 
815 
786 

779 

822 

794 

mil: 

762 

787 

772 

801 

Kill', 

825 

791 

784 

802 

800 

800 

4 

IJ 

861 
880 
850 
886 

872 
928 
829 
854 

784 
794 
701 
755 

713 
759 
745 
737 

807 
840 
781 
808 

893 
892 
855 
887 

823 
850 
786 
818 

797 
774 
747 
774 

751 
784 
735 
763 

816 
825 
781 
810 

892 
863 
855 
852 

SMI 

792 
864 
852 

752 
809 
780 
753 

767 
761 
762 
766 

823 
806 

815 
805 

879 
895 
870 
837 

779 
808 
813 
808 

725 
727 
780 
766 

701 

736 
716 

721 

771 
792 
795 
783 

804 
816 
793 
S02 

4 

6 
8 
10 

872 
835 
764 

745 

Average 

869 

871 

759 

738 

809 

882 

819 

773 

758 

808 

866 

847 

773 

764   812 

870 

802 

749 

719 

785 

804 

804 

Average  of  four  labora- 
tories  

Li 

874 
861 
871 
870 

811 
854 
846 
843 

838 

788 
822 
773 
819 

741 
757 
769 
769 

803 
823 
815 
825 

872 
865 
855 
875 

809 
832 
839 
845 

777 
784 
788 
794 

768 
773 
775 
765 

807 
814 
814 
820 

868 
851 
863 
848 

837 
798 
859 
838 

769 
801 
782 
794 

787 

750 
776 
781 
771 

son 

806 
821 
813 

836 
870 
868 
831 

804 
824 
838 
832 

824 

776 
790 
799 
799 

731 
758 
759 
773 

787 
810 
816 
810 

801 
■si  3 
8  Pi 
817 

4 

6 
8 
10 

862 
832 
791 

763 

Average 

869 

801 

759 

817 

867 

831 

786 

771 

814 

857 

833 

769 

812 

852 

791 

755 

806 

812 

812 

42 


PUBLIC    ROADS 


Vol.  12,  No.  2 


920 


840 


<£   &Z0 


O   800 


§7a 


760 


740 


^- 

c" 

t^** 

fc  --'H 

)-   —  _ 

T 

„ 

-- 

"  - 

> 

,  — '' 

^v 

/ 

+  ^ 

/ 

■^ 

^_  + 

/" 

__  ~~ 

''' 

X+'- 

-*       J 

^ 

r-""' 



4-  6  S 

width  of  beam-inches 

Figure  5. — Effect  of  Width  of  Beam  on  the  Modulus 
of  Rupture  of  Concrete  Test  Specimens.  Average 
Values  for  All  Depths  of  Beam  and  All  Lengths  of 
Span  are  Plotted  Separately  for  Each  Laboratory 

For  all  four  laboratories,  all  four  spans,  and  a  given  depth: 
The  average  value  given  by  all  four  widths. 

The  grand  average  value  of  all  test  results,  i.  e.,  all  four  lab- 
oratories, and  all  combinations  of  span  length,  width  of 
beam  and  depth  of  beam.4 

In  Figure  3  are  given  the  final  average  curves  showing 
the  variation  of  modulus  of  rupture  with  depth  of  beam, 
width  of  beam  and  length  of  span.  In  the  case  of 
depth  each  plotted  point  represents  the  average  of  all 
test  results  from  the  four  laboratories  and  all  combina- 
tions of  width  of  beam  and  length  of  span.  Similar 
averages  are  represented  by  the  plotted  points  on  the 
other  two  graphs.  In  Figures  4,  5,  and  6,  the  average 
results  are  plotted  separately  for  each  laboratory.  For 
example,  in  Figure  4  each  curve  represents  an  average 
of  all  the  data  from  a  given  laboratory,  and  each  plotted 
point  represents  the  average  modulus  of  rupture  given 
by  all  tests,  in  a  given  laboratory,  of  beams  of  a  given 
depth,  regardless  of  width  of  beam  and  length  of  span. 
The  curves  of  Figures  4,  5,  and  G  bring  out  clearly  the 
fact,  previously  noted,  that  the  test  results  obtained  in 
Laboratory  No.  2  were  consistently  higher  than  those 
obtained  in  the  other  three  laboratories. 

In  Figures  7,  8,  and  9  data  from  the  four  laboratories 
are  averaged,  different  values  of  the  three  dimensions, 
width,  depth,  and  length  of  span,  being  represented  by 
separate  curves  and  panels.  Thus,  in  Figure  7  each 
panel  contains  data  relative  to  a  given  length  of  span, 
averaged  for  the  four  laboratories;  and  each  curve 
shows  average  results  of  tests  of  beams  of  a  given  width. 
Each  plotted  point,  therefore,  represents  the  average 

*  This  arrangement  value  appears  twice  in  Table  6. 
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Figure  6. — Effect  of  Length  of  Span  on  the  Modulus 
of  Rupture  of  Concrete  Test  Specimens.  Average 
Values  for  All  Depths  and  Widths  of  Beam  are 
Plotted  Separately'  for  Each  Laboratory 

modulus  of  rupture  for  the  tests,  in  all  four  laboratories, 
of  all  beams  having  a  given  depth,  a  given  width,  and 
a  given  length  of  span.  Average  curves  are  drawn  to 
illustrate  the  trend  of  the  variation  for  all  widths.  Fig- 
ures 8  and  9  are  constructed  in  a  similar  manner  to 
show  the  effect  of  width  of  beam  and  length  of  span. 

MODULUS  VARIES  INVERSELY  WITH  DEPTH  OF  SPECIMEN 

Curve  No.  1  in  Figure  3,  which  is  based  on  the  aver- 
ages of  all  the  results  from  all  the  laboratories,  shows 
that  there  is  practically  a  straight  line  relationship 
between  depth  of  specimen  and  modulus  of  rupture,  the 
modulus  of  rupture  decreasing  1.9  per  cent  for  each  inch 
increase  in  the  depth  of  specimen.6  Increasing  the  depth 
of  specimen  from  4  to  10  inches  resulted  in  decreasing 
the  average  modulus  of  rupture  from  862  to  763  pounds 
per  square  inch,  a  net  reduction  of  100  pounds  per 
square  inch  for  a  6-inch  increase  in  depth  of  specimen. 

The  curves  of  Figure  4  show  that  the  results  of  each 
of  the  four  laboratories,  considered  individually,  have 
the  same  qualitative  relationship;  while  the  curves  of 
Figure  7  indicate  that  the  relationship  is  approximately 
the  same  regardless  of  width  of  specimen  or  length  of 
span. 

EFFECT  OF  WIDTH  NEGLIGIBLE 

Figures  3,  5,  and  8  show  the  effect  of  width  of  test 
specimen  on  the  modulus  of  rupture.  Curve  No.  2  is 
Figure  3,  based  on  the  averages  of  results  of  all  tests, 
shows  that  the  modulus  of  rupture  increased  very  slightly 

*  This  confirms  qualitatively  the  results  of  tests  by  the  Portland  Cement  Asso- 
tion.    See  Report  of  Director  of  Research,  November,  1928.  p.  174. 
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as  the  width  of  specimen  increased.  The  average  mod- 
ulus of  rupture  increased  approximately  16  pounds  per 
square  inch  when  the  width  of  beam  was  increased  from 
4  to  10  inches.  The  greatest  increase  is  between  the  4 
and  6  inch  widths.  It  is  possible  that  the  results  for  the 
4-inch  width  are  slightly  low  on  account  of  the  difficulty 
of  molding  specimens  of  this  width  properly. 

It  may  be  noted  that  this  increase  of  16  pounds  per 
square  inch  is  but  2  per  cent  of  the  average  value  of 
modulus  of  rupture,  801,  for  beams  of  4-inch  width. 
An  examination  of  Table  4  will  show  that  the  mean 
percentage  variation  of  individual  test  results  from  the 
average  of  the  three  series  is  generally  much  greater  than 
2  per  cent.  There  are  individual  cases  where  it  is  less 
than  1  per  cent,  but  the  average  for  each  laboratory  is 
greater  than  3  per  cent,  and  the  average  for  all  tests  is 
3.86  per  cent.  Similarly,  in  Table  5,  it  is  shown  that  the 
variation  of  the  average  for  one  laboratory  varies  from 
the  average  of  four  laboratories  by  values  running  up  to 
9.42  per  cent,  witli  an  average  for  all  tests  of  4.14. 
These  facts  make  it  apparent  that  the  indicated  varia- 
tion in  modulus  of  rupture  due  to  changes  in  the  width 
of  beam  is  less  than  the  probable  variation  due  to 
influences  not  in  the  control  of  the  experimenter. 

Reference  to  Figure  5  shows  that  the  trend  of  the 
curve  in  Figure  3  is  due  to  the  results  of  laboratories 
Nos.  2  and  3,  and  that  average  curves  for  the  other  two 
laboratories  would  approximate  horizontal  lines.  It  is, 
therefore,  doubtful  that  increasing  the  width  of  speci- 
men causes  an  increase  in  the  modulus  of  rupture. 
For  all  practical  purposes  the  average  results  of  all 
four  laboratories  indicate  that  varying  the  width  of  the 
specimen  had  no  effect  on  the  modulus  of  rupture. 

NO  MARKED  EFFECT  DUE  TO  VARIATION  IN  SPAN  LENGTH 

Figures  3,  6,  and  9  show  the  effect  of  the  length  of 
span.     Curve  No.  3  in  Figure  3,  based  on  the  averages 


of  results  of  all  tests,  shows  that  the  modulus  of  rupture 
decreased  very  slightly  as  the  span  length  was  increased. 
The  average  modulus  of  rupture  decreased  approxi- 
mately 9  pounds  per  square  inch  when  the  length  of 
span  was  increased  from  18  inches  to  36  inches.  Figure 
6  shows  the  average  results  for  each  laboratory.  It 
will  be  noted  that  two  of  the  laboratories  (Nos.  2  and  3) 
show  practically  no  effect  from  varying  span,  one  of 
them  (No.  1)  showed  a  decrease  of  18  pounds  per  square 
inch,  and  one  of  them  (No.  4)  showed  a  decrease  of  25 
pounds  per  square  inch.  These  decreases  are  very 
small,  are  well  within  the  limit  of  error  of  the  averages, 
and  are  not  corroborated  by  all  the  laboratories.  This 
would  indicate  that  the  length  of  span  had  no  appre- 
ciable effect  on  the  modulus  of  rupture.6 

CONCLUSIONS  SUMMARIZED 

The  following  conclusions,  derived  from  the  results 
of  this  experiment,  are  naturally  restricted  in  their 
application  to  apparatus  in  which  the  specimen  is 
loaded  at  the  third  points. 

1.  Variation  in  depth  of  specimen  causes  sufficient 
variation  in  the  modulus  of  rupture  that  it  is  necessary 
to  standardize  this  dimension. 

2.  Variation  in  width  of  specimen  has  a  negligible 
effect  on  the  modulus  of  rupture.  This  dimension 
might  have  more  influence  if  other  sizes  of  coarse 
aggregate  were  used. 

3.  Variation  in  the  length  of  span  has  a  negligible 
effect  on  the  modulus  of  rupture. 

4.  Different  laboratories  using  similar  materials  and 
methods  of  test  can  check  each  other  with  a  variation 
not  exceeding  5  per  cent. 

«  This  confirms,   qualitatively,   the  results  of  tests  by  the  Portland   Cement 
Association.    See  Report  of  Director  of  Research,  November,  1928,  p.  174. 


MEETING  OF  THE  JOINT  COMMITTEE  ON  CONCRETE 

AND  REINFORCED  CONCRETE 


THE  Joint  Committee  on  Standard  Specifications 
for  Concrete  and  Reinforced  Concrete  met  in  the 
rooms  of  the  Western  Society  of  Engineers,  Chicago, 
111.,  on  February  27  and28, 1931.  This  committee,  which 
is  made  up  of  five  representatives  each  of  the  Ameri- 
can Society  of  Civil  Engineers,  the  American  Society  for 
Testing  Materials,  the  American  Railway  Engineering 
Association,  the  Portland  Cement  Association,  and  the 
American  Concrete  Institute,  is  a  reorganization  of  the 
committee  that  made  reports  on  concrete  specifica- 
tions in  1921  and  1924. 

A  number  of  developments  since  the  1924  report  make 
certain  changes  in  the  specification  desirable.  Among 
the  advances  which  have  been  made  relating  to  con- 
crete as  a  material  in  recent  years,  the  most  significant 
are  the  developments  in  cement,  use  of  ready-mixed 
concrete,  and  a  more  widespread  understanding  of  the 
design  of  mixtures  with  increasing  attention  to  field 
control. 

In  the  field  of  design,  an  outstanding  development 
which  should  be  covered  in  future  reports  of  the  com- 
mittee, is  the  tendency  toward  the  greater  use  of  rigid 
frame  construction. 

All  these  developments  are  to  be  given  consideration 
by  the  reorganized  committee  in  addition  to  a  general 
study  of  the  1924  report  with  a  view  to  improving  its 
presentation  and  widening  its  scope. 

The  committee  proposes  in  its  report  to  separate 
portions  which  are  in  the  nature  of  specifications  from 
those  which  are  in  the  nature  of  recommended  practice. 
It  is  planned  also  to  add  as  an  appendix  the  technical 
data  upon  which  the  recommendations  of  the  report  are 
based.  The  committee  is  considering  the  necessity 
of  distinguishing  between  the  requirements  for  so-called 
outdoor  concrete  and  concrete  in  locations  such  as 
heated  buildings  not  exposed  to  the  effect  of  weather. 
Water-tightness  as  an  element  of  durability  will  be 
recognized  as  one  of  the  essentials  of  concrete  for  outdoor 
exposure.  The  necessity  for  this  has  been  brought 
about  by  the  recent  development  of  generally  higher 
strengths  in  Portland  cements.  Following  the  practice 
which  has  become  quite  general  of  designing  concrete 
for  a  given  strength  requirement,  it  is  possible  with 
these  newer  cements  that  mixtures  will  result  which  are 
too  lean  for  proper  durability.  Some  limitation  will, 
therefore,  be  placed  upon  the  cement  content  to  avoid 
this  difficulty. 

In  the  field  of  design  of  reinforced  concrete,  the  com- 
mittee proposes  to  present  the  recommendations  in 
regard  to  moment  coefficients  by  putting  primary 
emphasis  on  the  general  case  of  unequal  spans,  thus 
reversing  the  arrangement  in  the  1924  report  in  which 
the  emphasis  is  placed  on  a  series  of  equal  spans. 
Moment  coefficients  will  be  given  only  for  the  case  of 


equal  spans  and  these  will  be  presented  with  separate 
coefficients  for  live  and  dead  load. 

The  next  meeting  of  the  committee  has  been  set  for 
June  22  and  23,  1931,  in  Chicago. 
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A.  R.  Ketterson,  Assistant  Engineer  of  Bridges,  Canadian 
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W.  A.  Slater,  Chairman,  director,  Fritz  Engineering  Labora- 
tory, Lehigh  University,  Bethlehem,  Pa. 

M.  N.  Clair,  Vice  President,  Thompson  &  Lichtner  Co.,  Statler 
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A.  E.  Lindau,  President,  American  System  of  Reinforcing,  7 
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C.  M.  Chapman,  Chairman,  Consulting  Engineer,  105  West 
Fortieth  Street,  New  York,  N.  Y. 
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D.  C. 
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Dixie  Cement  Corporation,  521  Fifth  avenue,  New  York,  N.  Y. 
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ANALYSIS  OF  MOTOR  VEHICLE  ACCIDENTS  IN 

CALIFORNIA 


Reported  by  the  Bureau  of  Research,  Statistics,  ani  Traffic  Safety,   Division  of  Motor  Vehicles,  California  Department  of  Public  Works 


The  motoring  public  of  California  started  the  year 
1931  with  a  16.08  per  cent  increase  in  motor- vehicle 
accidents  and  a  resulting  increase  of  16.25  per  cent  in 
persons  injured  and  a  9.44  per  cent  increase  in  deaths. 
These  increases  are  computed  with  the  January,  1930, 
report  as  a  base. 

New  Year's  day  traffic  was  an  important  factor  in 
January  accidents.  This  is  indicated  by  the  large 
volume  of  accidents  occurring  on  Thursdays.  The 
same  was  true  in  January,  1930,  when  more  accidents 
occurred  on  Wednesdays,  as  January  1,  1930,  fell  on  a 
Wednesday. 

Light  conditions  under  which  accidents  occured  in 
January,  1931,  varied  slightly  from  the  average,  since 
considerably  more  accidents  were  reported  as  occurring 
in  darkness  than  in  daylight. 

The  road  location  of  accidents  followed  the  average  in 
January,  with  the  most  accidents  at  city  intersections. 
"Between  intersections"  was  second  greatest  in  the 
number  of  accidents  by  location.  It  is  of  interest  to 
note  that  23  accidents  occurred  on  bridges  and  piers, 
6  of  which  were  fatal  accidents.  This  is  an  increase  of 
over  100  per  cent  over  January,  1930. 

A  total  of  2,325  motorists  were  reported  definitely  at 
fault  in  January  accidents.  Of  these  608  violated  right 
of  way,  while  502  drivers  came  to  grief  because  of  too 
much  speed.  Nineteen  of  those  reported  as  driving  at 
excessives  speed  were  involved  in  fatal  accidents. 

Although  the  total  of  deaths  due  to  traffic  accidents 
in  January,  1931,  showed  an  increase  of  17  over  those 
occurring  in  January,  1930,  the  number  of  pedestrians 


killed  was  7  less.  The  largest  numerical  increases  in 
deaths  were  in  noncollision  accidents  and  collisions  of 
two  motor  vehicles.  The  number  of  persons  killed 
on  bicycles  increased  from  1  in  January,  1930,  to  4  in 
January  of  this  year.  The  1  person  killed  on  the  bicycle 
in  1930  was  a  male  over  50  years  of  age,  while  all  of  those 
killed  in  January  of  this  year  were  male  children  less 
than  20  years  of  age. 

The  number  of  collisions  with  railroad  trains  dropped 
from  61  in  January,  1930,  to  51  in  January,  1931. 
The  injured  in  this  type  of  accident  decreased  by  7,  but 
the  deaths  increased  by  2. 

Fewer  accidents  were  reported  as  occurring  under 
inclement  weather  conditions  than  in  January,  1930, 
although  the  total  number  of  accidents  in  .January, 
1931,  increased  more  than  16  per  cent  over  the  pre- 
vious year.  The  following  table  summarizes  the  acci- 
dent statistics  for  the  months  of  January,  1930,  and 
January,   1931. 

Table  1. — Comparative     monthly     summary     of     motor     vehicle 
accidents  in  California,  January,  1930,  and  January,  1981 


Number 
icijuhcu        reported 
''"'i""  T""    during  Jan- 
uary, 1030 


Accidents - 

Persons  killed 

Persons  injured 

Drivers  involved 

Pedestrians  involved 
Vehicles  involved 


2,481 
180 

3,217 

A,  041 
900 

3,677 
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AN  INVESTIGATION  OF  OIL-TREATED  EARTH  ROADS 

IN  MISSOURI 


Reported  by  F.  V.  REAGEL,  Engineer  of  Materials,  Missouri  State  Highway  Department,  HENRY  AARON,  Assistant  Highway  Engineer,  U.  S.  Bureau  of 
Public  Roads,  and  W.  I.  WATKINS,  Assistant  Soil  Surveyor,  U.  S.  Bureau  of  Chemistry  and  Soils 

THE  best  efforts  of  almost  every  State  highway 
organization  in  the  past  have  been  devoted  to  the 
design  and  the  construction  of  high-type  roads  to 
serve  the  demands  of  ever-increasing  traffic  on  the  more 
important  routes  of  the  respective  States.  The  recog- 
nition of  these  demands  for  high-type  roads  caused  the 
design  of  feeder  roads  connecting  with  the  main  highways 
to  receive  but  little  attention.  In  Missouri,  as  in  several 
other  States,  the  primary  road  system  is  approaching 
completion  and  the  demand  for  the  construction  of 
secondary,  light-traffic  roads  is  rapidly  increasing. 

In  anticipation  of  this  demand  for  low-cost  roads,  the 
Missouri  State  Highway  Department,  in  cooperation 
with  the  United  States  Bureau  of  Public  Roads  and  the 
United  States  Bureau  of  Chemistry  and  Soils,  has  been 
investigating  the  practicability  of  oil-treated  roads,  with 
or  without  subsequent  stages  of  improvement,  for  use  in 
those  sections,  comprising  approximately  one-third  of  the 
total  area  of  the  State,  where  no  surfacing  material  of  any 
kind  is  locally  available.  The  collecting  and  organiza- 
tion of  the  data  and  observations  on  application  of  the 
oil  and  the  condition  surveys  on  the  sections  studied 
and  included  in  this  report  were  carried  out  by  R.  C. 
Schappler  and  C.  M.  Lancaster,  of  the  division  of  geology 
and  soils  of  the  Missouri  State  Highway  Department. 

The  roads  included  in  this  investigation  were  oiled 
during  the  months  of  May  to  November,  1928,  and  the 
condition  of  the  surface  as  disclosed  by  condition  sur- 
veys was  recorded  at  various  times  up  to  May,  1929. 
The  first  inspection  of  the  surface  condition  was  made 
about  two  and  one-half  months  after  the  oil  was 
applied.  A  fall  condition  survey  was  made  during  the 
months  of  September  to  December,  1928,  about  one  and 
one-half  months  after  the  first  inspection.  On  several 
of  the  sections  treated  in  the  fall,  the  first  inspection 
after  treatment  served  also  as  the  fall  condition  survey. 
The  final  detailed  condition  survey  included  in  this 
report  was  made  the  following  spring  during  the  period 
from  March  to  May,  1929. 

During  the  following  two  years  the  department's 
program  included  a  considerable  mileage  of  treating  and 
retreating  earth  roads  with  road  oil.  This  program 
provided  an  opportunity  for  demonstrating  and  estab- 
lishing the  indications  and  conclusions  developed  in 
this  study  with  increasing  confidence  in  the  design  and 
methods  of  road  oil  application.  A  supplementary 
condition  survey  was  made  in  the  spring  of  1931. 

The  investigation  has  disclosed  that  oils  may  be  used 
satisfactorily  for  the  treatment  of  earth  surfaces  to 
provide  temporary  all-weather  roads  if  certain  funda- 
mental factors  are  recognized.  The  most  important 
factors  so  far  discovered  are:  (1)  Physical  characteristics 
of  the  soil;  (2)  drainage,  both  surface  and  subsurface; 
(3)  condition  of  surface  immediately  prior  to  applica- 
tion of  oil;  (4)  rate  of  penetration  of  oil;  (5)  type  of 
traffic;  and  (6)  methods  of  maintenance. 

CHARACTER  OF  ROAD  SECTIONS  INVESTIGATED 

Prior  to  1928,  in  those  sections  of  Missouri  which  are 
deficient  in  local  road-building  materials,  about  200 
miles  of  road  had  been  constructed,  consisting  of  9-foot 
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concrete  pavement  on  one-half  of  the  roadway  and 
graded  earth  on  the  other  half.  This  type  of  improve- 
ment was  utilized  in  order  to  hasten  the  connection  of 
several  communities  by  all-weather  traffic  lanes.  The 
resulting  roads  furnished  the  service  expected  but  with 
a  serious  dust  hazard  on  some  soils  during  dry  periods 
and  an  expensive  mud  nuisance  in  wet  weather.  The 
graded  portions  of  these  roads  were  then  oiled  in  an 
effort  to  alleviate  these  conditions.  In  addition, 
approximately  100  miles  of  full-width  graded  earth 
roads  have  been  oiled.  Twenty-nine  sections  of  road, 
varying  in  length  from  2  to  21  miles,  with  a  total  length 
of  224  miles,  were  selected  for  special  study.  The 
locations  of  these  sections  and  their  approximate 
lengths  are  given  in  Table  1 . 

The  topography  of  the  area  studied  varies  from  level 
to  rolling.  The  extent  of  the  rolling  character  controls 
the  relative  amount  of  cut  and  fill  on  the  sections.  This 
feature  in  turn  governs  the  amount  of  variation  in  soils 
in  cuts  due  to  uncovering  of  different  soil  layers  at 
varying  depths,  as  weU  as  the  resultant  character  of  soil 
occurring  in  the  mixture  from  which  the  fills  were  made. 

The  roads  selected  for  oil  treatment  were  constructed 
according  to  standard  design.  Drainage  as  a  whole  had 
been  taken  care  of.  Occasional  sections  which,  be- 
cause of  improper  drainage,  had  not  been  maintained 
to  the  standards  of  the  original  construction,  could  be 
readily  noted  by  observation. 

Traffic  on  these  highways  is  mixed  and  was  classed  as 
mutilative  and  nonmutilative.  Mutilative  traffic  in- 
cluded tractors,  threshing  outfits,  and  other  machinery, 
the  wheels  of  which  were  equipped  with  lugs  or  cleats,  and 
also  horses  hoofs'  and  wagons  having  narrow-tired  wheels. 

Table   1. — Location  and  mileage  of  sections  of  oiled  road  given 
special  study 


Section 
No. 


Location 


State  route  6,  DeKalb  County,  Bayfield  to  Oak 

State  route  31,  DeKalb  County,  King  City  to  Oak 

U.  S.  route  69,  Daviess  County,  Cameron  north 

State  route  6,  Daviess  County,  Winston  to  Altamont 

State  route  6,  Daviess  County,  Altamont  to  Gallatin 

U.  S.  route  ClJ,  Harrison  County,  Bethany  to  Iowa  line 

State  route  59,  Platte  County,  Parkville  north _ _. 

State  routes  1  and  9,  Atchison  County,  Tarkio  to  Rockport 

State  route  1,  Atchisou  County,  Fairfax  north _. 

TJ.  S.  route  65,  Saline  County,  Marshall  to  Salt  Fork  Creek 

U.  S.  route  65,  Saline  County,  Salt  Fork  Creek  to  Grand  Pass.. 

U.  S.  route  65,  Saline  County,  Grand  Pass  west _ _. 

U.  S.  route  24,  Carroll  County,  near  DeWitt 

TJ.  S.  route  63,  Randolph  County,  Jacksonville  to  Moberly 

U.S.  route  24,  Randolph  County,  Huntsville  west 

State  route  10,  Ray  County,  Richmond  to  Hardin 

U.  S.  route  71,  Platte  County] 
TJ.  S.  route  71,  Platte  County 

U.  S.  route  71,  Platte  County  \ 

TJ.  S.  route  71,  Platte  County 
TJ.  S.  route  71,  Platte  CountyJ 
U.  S.  route  63,  Macon  County.    Extends  approximately  4  miles 

north  from  Axtell --- -- 

TJ.  S.  route  63,  Macon  and  Adair  Counties 

TJ.  S.  route  63,  Adair  County 

U.  S.  route  65,  Grundy  and  Livingston  Counties,  between  Chil- 

lieothe  and  Trenton - -- 

State  route  6,  DeKalb  County,  Maysville  to  Oak 

TJ.  S.  route  63,  Boone  County,  Hinton  to  Clark _. 

State  route  13,  Lafayette  County,  Higginsville  to  Lexington 

State  route  10,  Ray  County,  Excelsior  Springs  to  Richmond 

Total  mileage - - 


Approxi- 
mate 
length 


Miles 


4 

17 
3 


13 
10 
16 


224 
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Figure  1.- 


-Eigiit  Hundred  Gallon  Pressure  Distributor  Ready  to  Begin  Application. 

Applying  Successive  Loads 


Overlapping  Occurred  in 


TYPE  OF  OIL  USED 

On  the  greater  portion  of  the  mileage  a  single  type  of 
oil  meeting  the  State  highway  specifications,  and  similar 
to  oil  No.  1  (Table  3)  was  used.  On  certain  special 
sections  the  type  of  oil  was  made  a  variable,  and  on 
these  sections  other  types  of  oil  and  combinations  were 
used.  Specifications  for  these  oils  can  be  found  in 
Table  2,  and  typical  analyses  in  Table  3.  A  brief 
description  of  the  oils  follows  this  latter  table. 

Table  2. — Specifications  for  road  oils 

The  oil  shall  be  homogeneous,  free  from  water,  and  shall  not 
foam  when  heated  to  120°  C.  (248°  F.),  and  shall  meet  the 
following  requirements: 


Table  3. —  Typical  analyses  of  oils  used 


Item 

Specification 

A 

B 

1.  Specific  gravity  15.5°/15.5°  C,  not  less  than 

2.  Specific  viscosity  (Engler)  at  60°  C __ 

3.  Flash  point,  °C,  not  less  than 

4.  Per  cent  loss  at  103°  C,  50  gra  i.s.  5  hours,  not  more  than 

0.910 

10  to  20 

80 

1.00 

10  to  20 

90 

6 

5.  Total  bitumen  (soluble  in  CS),  per  cent,  not  less  than 

fi.  When  the  specific  gravity  of  the  oil  at  15.5°  C.  is  less  than 
0.970,  the  percentage  of  bitumen  insoluble  in  86°  Baume 
paraffin  naphtha  shall  not  exceed-    .     ...  ... 

99.5 
8.0 

99.5 

7.  Per  cent  bitumen  insoluble  in  86°  Baum6  naphtha,  not  less 
than 

9  0 

8.  Residue  of  100  penetration  (100  grams,  5  seconds,  25°  C.)  per 
cent .     _        

50-65 

50  65 

9.  Ductility  of  residue,  centimeters  (when  50  grains  of  the  oil 
are  evaporated  at  250°  to  200°  C.  until  the  residue  has  a 
penetration  at  25°  C,  100  grams,  5  seconds,  of  90  to  100),  not 
less  than 

50 

CONSTRUCTION  METHODS  OUTLINED 

A  contract  was  let  for  the  oiling  under  the  super- 
vision of  the  State  bureau  of  maintenance,  and  a 
schedule  was   arranged  to  take  care  of   the  order  in 


Bitu- 

Specific 

Bitu- 

Specific 

vid- 

Resi- 
due of 

100 
pene- 
tration 

men 
in- 

Ductil- 
ity of 

Loss  at 
163°  C, 

Oil  No. 

gravity, 

15.5°/ 

soluble 
in 

cs2 

eos!  ly, 
Engler 

Flash 
point 

soluble 
in  86° 

speci- 
fied 

50 
grams, 

15.5°  C. 

at 
60°  C. 

Baumfi 

naph- 

resi- 
due ' 

0 

hours 

tha 

Per  cent 

°  C. 

Per  cent 

Per  cent 

Cm  a. 

Per  cent 

!  1 

.937 

99.94 

11.31 

207 

58.72 

1.4 

3.  7           1.  24 

22 

.949 

99.77 

15.00 

210 

62.50 

2.7 

150 

(3) 

*3 

1.011 

99  78 

10.82 

180 

62.34 

11.82 

150 

4.09 

«4 

.9415 

99.  96 

14.97 

158 

58.92 

2.47 

150 

(3) 

«5 

.966 

99.97 

14.  14 

105 

60.00 

8.04 

150 

(3) 

1  Ductility  of  specified  residue,  in  centimeters,  when  50  grams  of  the  oil  are  evap- 
orated at  250°  to  230°  C.  until  the  residue  has  a  penetration,  at  25°  C,  100  grams  5 
seconds,  of  90  to  100. 

2  Topped  residual  from  eastern  Kansas  crude,  with  a  high  paraffin  base, 
s  Less  than  5.00. 

1  Residual  froai  cracking  process  from  general  midcontinent  crude. 

s  Topped  residual  from  southern  Oklahoma  crude,  having  a  semiasphaltic  base. 

e  Low  pressure  still  product  from  Gulf  coastal  crude,  having  an  asphaltic  base. 

which  the  sections  would  be  treated.  The  various 
local  maintenance  forces  were  required  to  have  their 
sections  ready  for  oiling  according  to  this  schedule. 
This  work  was  accompanied  by  the  normal  amount  of 
confusion  and  delay  due  to  unforeseen  weather  condi- 
tions or  failure  of  equipment.  In  general,  the  prepara- 
tion consisted  of  intensive  blading  and  dragging  to 
provide  a  smooth  and  uniform  surface  for  the  oil. 
Ditches  were  recut  wherever  necessary.  Considerable 
variation  was  noted  in  the  thoroughness  with  which 
this  work  was  carried  out.  The  variations  are  ex- 
plained by  the  fact  that  the  individual  sections  were 
prepared  by  different,  and,  to  some  extent,  independent 
forces. 

The  oil  was  discharged  from  pressure  distributors  as 
shown  in  Figure  1.  The  temperature  of  the  oil  as 
applied  varied  from  120°  F.  to  200°  F.     The  rule  on 
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most  sections  was  to  obtain  an  oil  temperature  of  at 
least  140°  F.  The  permissible  moisture  in  the  earth 
was  limited  to  the  amount  present  when  ruts  did  not 
develop  under  the  weight  of  the  distributor.  Oil  was 
applied  at  the  rate  of  one-half  gallon  per  square  yard 
for  the  first  application,  followed  as  soon  as  the  oil  had 
been  absorbed  so  that  it  would  not  be  picked  up  by 
traffic  by  a  second  application  of  one-fourth  gallon  per 
square  yard.  The  quantity  per  square  yard  was  con- 
trolled by  computing  from  the  measured  gallonage  of 
the  truck-load  the  length  of  road  to  be  covered  by  the 
load.  This  distance  was  chained  off  and  flag-staked 
for  the  truck-driver  to  reach  at  uniform  speed  while 
distributing  the  truck-load.  In  some  instances  traffic 
was  allowed  to  use  half  of  the  roadway  while  oiling  was 
in  progress;  in  others,  the  roads  were  barricaded  and 
closed  to  traffic  until  the  second  application  had 
been  absorbed.  All  sections  noted  as  re-treated  re- 
ceived a  third  application  of  one-fourth  gallon  per 
square  yard. 

In  a  few  cases  some  material,  generally  river  sand, 
was  applied  in  a  thin  layer  to  the  surface. 

SECTIONS  MAINTAINED  CHIEFLY  BY  BLADING 

Fifteen  of  the  29  sections  investigated  were  bladed 
to  some  extent.  On  some  sections  the  blading  consisted 
of  merely  spreading  a  thin  layer  of  earth  from  the 
shoulder  over  the  treated  surface,  without  permitting 
the  blade  to  come  in  contact  with  the  surface.  On 
other  sections  attempts  were  made  to  eliminate  defects 
by  shaving  the  treated  surface  slightly  and  rilling  the 
defects  with  the  material  thus  obtained. 

OBSERVATIONS  MADE  BEFORE,  DURING,  AND  AFTER  TREATMENT 

For  each  section  studied  the  investigation  involved 
the  following  activities: 

1 .  Obtaining  information  relative  to  conditions  exist- 
ing and  preparations  made  prior  to  the  application  of  the 
oil. 

2.  Recording  pertinent  information  at  the  time  of 
treatment. 

3.  Making  periodic  surface  condition  surve3Ts  sub- 
sequent to  treatment. 

4.  Making  special  studies  of  the  subgrade  soil. 

The  information  relative  to  conditions  existing  and 
preparations  made  prior  to  the  application  of  the  oil 
included  a  record  of  the  weather  conditions  existing 
prior  to  oiling,  the  soil  types,  the  road  profile,  the 
drainage  conditions,  the  type  of  equipment  used,  the 
surface  processing,  the  length  of  time  the  surface  was 
maintained  at  a  finished  grade  prior  to  the  application 
of  oil,  the  final  preparation  of  the  grade,  the  surface 
contour,  the  state  of  consolidation  of  the  soil,  and 
the  amount  of  moisture  present  in  the  soil  immediately 
before  the  application  of  the  oil. 

The  notes  taken  during  construction  included  a 
record  of  prevailing  weather  conditions  during  the  oiling 
operations;  the  type  of  oil  used;  the  oil  temperatures; 
the  quantity  of  oil  applied  per  square  yard;  the  average 
depth  of  oil,  penetration  24,  48,  and  72  hours  after 
application;  the  character  of  penetration  with  respect 
to  whether  it  was  selective,  uniform,  or  nonuniform; 
the  length  of  time  required  for  the  oil  to  penetrate  to 
an  extent  preventing  the  mat  from  peeling  under  traffic; 
and  the  method  of  traffic  control  utilized  during  the 
oiling  operation. 

Data  regarding  depth,  rate,  and  character  of  pene- 
tration were  obtained  by  driving  a  tube  into  the  surface 


at  desired  intervals  of  time  and  examining  the  cylinder 
of  treated  soil  so  obtained. 

The  surveys  subsequent  to  treatment  included  the 
making  of  general  condition  surveys,  all  distances  being 
checked  by  speedometer  readings;  a  record  of  road 
surface  conditions;  and  an  estimate  of  the  probable 
causes  of  surface  defects,  such  as  mutilative  traffic, 
insufficient  oil,  inadequate  drainage,  etc.  The  results 
of  these  surface  condition  surveys  were  then  correlated 
with  the  information  obtained  prior  to  and  during  oil 
treatment. 

In  these  surveys  the  road  surfaces  furnished  by 
the  bituminous  treatments  were  arbitrarily  classified 
with  respect  to  their  condition  in  the  terms  which  are 
given  and  described  below.  Examples  of  each  classifica- 
tion are  given  in  Figure  2. 

Mat  intact,  surface  smooth. — This  term  indicates 
excellent  biUiminous  mat  surfaces.  The  oil-earth  mat, 
or  penetration  layer,  is  pliant  and  possesses  a  tough, 
leathery  texture.  This  type  of  mat  occurs  when  the 
bituminous  material  penetrates  the  soil  in  such  a  man- 
ner as  to  bind  the  soil  particles  properly  and  seal  the 
road  surface,  thus  producing  a  compact  mat  which 
resists  the  effects  of  weather  and  traffic. 

Surface  rutted. — This  term  indicates  the  presence  of 
indentations  or  grooves  in  the  road  surface.  Rutting 
occurs  when  the  subgrade  is  softened  because  of  the 
presence  of  moisture.  It  is  generally  preceded  by  a 
decrease  in  the  stability  of  the  supporting  soil,  which 
can  usually  be  traced  to  moisture  furnished  by  rains 
or  melting  snow  occurring  on  top  of  the  road,  by  seep- 
age or  capillarity  beneath,  or  by  a  combination  of  both. 

Mat  crumbled. — This  term  indicates  a  crumbling  of  the 
oil-earth  mat  caused  either  by  an  insufficient  amount 
of  oil  or  by  a  deadening  of  the  oil  fraction.  This  term  is 
not  used  when  failure  can  in  any  way  be  traced  to  a 
decrease  in  the  stability  of  the  supporting  soil.  Thus, 
crumbling  is  entirely  a  surface  defect  and  indicates  that 
the  applied  bituminous  material  either  has  not  properly 
penetrated  the  soil  or  does  not  possess  cohesion  in 
amount  sufficient  to  bind  the  soil  particles  into  a  com- 
pact mat. 

Mat  raveled. — This  term  indicates  a  progressive 
breaking  up,  but  not  a  crumbling  of  the  mat.  It 
generally  occurs  after  periods  of  alternate  freezing  and 
thawing  and  suggests  vertical  displacement  of  the 
mat.  This  vertical  displacement  may  be  produced  by 
expansion  of  the  subgrade  due  either  to  increase  in 
moisture  content  or  to  freezing  followed  by  shrinkage 
of  the  subgrade  caused  by  reduction  in  moisture  con- 
tent or  thaw,  thus  leaving  the  mat  suspended  without 
support.  Nonuniform  subgrade  soil  is  especially  pro- 
ductive of  raveling. 

Mats  on  soils  consisting  of  thin  laminated  layers  of 
both  silt  and  very  fine  sand  are  likely  to  bulge  as  much  as 
one-fourth  to  one-half  of  an  inch  between  wheel  tracks 
2  to  4  inches  apart.  It  is  indicated  that  in  the  silt 
soils  the  laminations  may  be  the  result  of  some  textural 
assortment  caused  by  rain,  traffic,  wind,  or  running 
water  or  by  difference  in  degree  of  compaction,  oil 
absorbed,  etc.  The  bulging  causes  the  different  tex- 
tural layers  to  be  separated  from  each  other. 

Surface  pitted. — This  term  indicates  the  presence  of 
abrupt  surface  cavities.  These  cavities  usually  extend 
appreciably  below  the  depth  of  soil  penetrated  with  oil 
and  do  not  include  indentations  or  depressions  not 
causing  a  "breaking  through"  of  the  oil-earth  mat. 

Surface  checked. — This  term  indicates  the  occurrence 
of  shrinkage  of  the  surface  soil  disclosed  by  "alligator 
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MAT    INTACT.   SURFACE  SMOOTH 


SURFACE    DEEPLY    RUTTED 


SURFACE   RUTTED 


MAT  CRUMBLED 


SURFACE   PITTED   AND    RAVELED  SURFACE   PITTED  AND  CHECKED 


_4i»^   i*AMbf*^ 


surface  checked  surface  scaled 

Figure  2. — Examples  of  Surface  Conditions  Noted  in  Surveys 
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CORRUGATED     MAT 


CONDITION   OF  OIL-- 


DUE    PROBABLY   TO 

FILL   SETTLEMENT 


-Li  5 


H°'zONE    7^Cu?)h     |ROAU1.Z0W(CU7tT>3       I     ZONE  7,3*  I   (CUT)  \        ~1o"nE3(CUT)  \^  ZONES^I  ^i  7  T        ^       ZONES    7  T   *  5     (FILL)  IZ°(N^LLf 


^ 


I 


9' CONCRETE    SLAB 


TYPE     NO.  3 


STA  84 


900 


890 


900 


890 


FEW   SMALL  PITS   SCATTERED  OVER    SURFACE,       BALANCE   OF   MAT   GOOD 


CONDITION  OF  oil- 


Os 


<S>s 


OILED   HALF  OF  ROADi,  zones    I  13  (fill) 


9  CONCRETE    SLAB 


1 


ZONE     5     (FILL) 


ZONE   5    (CUT) 


ZONE  5  &SOME\       ZONE    3    1   SOME 
ZONE  3  (CUT)     \  ZONE     5     (FILL) 


EDGE  OF   ROADWAY   SHOULDER  - 


i  TYPE    NO.  2 


STA 


920 


100 


102 


103 


104 


105 


STRIP     SHOWING    SOIL    PROFILE^ ORIGINAL^ 


920 


-ZONE   I 
-ZONE  3- REDDISH   BROWN 
-ZONE  5-ALSO  REDDISH  BROWN 
BETWEEN  I8"136"RED  &  DRAB   MOTTLED 
-ZONE   7  I 


)-IO   ZONE  I  -BLACK   SILT 
•I4"Z0NE3-GRAYISH   YELLOW   SILT  GRADING  TO  CLAY  AT  14'.' 
I4"-30"ZONE5-OL1VE  DRAB  CLAY  MOTTLED    WITH    REDDISH  BROWN' 
l4"-25",    26"-30"DRAB  CLAY  WITH  YELLOW  MOTTLES. 
30+ ZONE  7-YELLOW-DRAB   CLAY    MORE    FRIABLE  I 


910 


SCALE 


HOR  l"=  50' 


VERT  l"=  5' 
PROFILE  ELEVATIONS  ARE  SEA  LEVEL  DATUM 

Figure  3. — Map  Showing  Plan  of  Road,  Profiles,  and  Results  of  Condition  and  Soil  Surveys  for  U.  S.  Route  63, 

Macon  County,  Mo.,  V/%  Miles  South  of  La  Plata 


hide"  cracking  which  separates  the  oil-earth  mat  into 
irregularly  shaped  blocks. 

Surface  scaled. — This  term  signifies  the  scaling  off  of 
the  oil-earth  mat  in  thin  layers.  Scaling  is  caused 
generally  by  a  laminated  or  plated  structure  existing  in 
the  oil-earth  mat. 

SOIL  SURVEYS  MADE  ON  SEVERAL  ROADS 

The  special  studies  of  the  subgrade  soils  included  the 
surveying  of  certain  roads  with  respect  to  the  subgrade 
soil  types  and  their  soil  zones  or  layers  and  the  testing 
of  representative  samples  from  the  various  layers  in  the 
subgrade  laboratory. 


The  subgrade  survey  consisted  of  examining  the  sub- 
grade  at  intervals  close  enough  (about  100  feet  gener- 
ally) to  determine  any  change  in  the  subgrade  soils  and 
examining  the  soils  in  the  adjoining  fields  to  determine 
the  soil  profiles  of  the  soil  types  encountered.  This 
information  was  plotted  as  shown  in  Figure  3.  In- 
cluded in  this  record  are  the  road  plan,  the  profile  of 
one  of  the  banks,  the  original  center  line  grade,  and  the 
present  center  line  grade.  A  soil  profile  such  as  shown 
in  the  lower  strip,  Figure  3,  was  taken  only  at  such 
intervals  as  were  necessary  to  disclose  the  arrangement 
of  soil  layers  in  a  given  soil  type.     In  addition,  the 
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Table  4. — Record  of  observations  on  29  oil-treated  sections 


Sec- 
tion 
No. 

Oil 
No. 

1 
3 

1 

1 

1 

4 
4 

1 

1 
1 
1 

1 
1 
3 

1 

3 
3 

1 
3 
3 
3 

2 

1 

1 

1 

1,3,5 

1,3 

3 
3,5 

General  pro- 
file 

Surface 
drain- 
age 
rating ' 

Width 
of  un- 
treated 
earth 
shoul- 
der 

Texture  classifica- 
tion, principal 
soils 

Surface  condition 
just  prior  to  first 
application 

Subgrade 

moisture, 

depth,  0  to 

1  inch 

Prevailing 
weather  con- 
ditions during 
application 

Air 
temper- 
ature 
range 

Aver- 
age 
oil 
tem- 
pera- 
ture 

Penetration 

Aver- 
age 
depth 

Days 

re- 
quired 

Nature 

2 

Rolling 

do 

do 

do... 

do.- 

do 

do 

do 

do... 

do 

do 

Level 

do -. 

do 

Rollins 

Per  cent 

75-100 

50-75 

50-75 

75-100 

75-100 

50-75 
50-75 
50-75 

50-75 
50-75 
50-75 

50-75 
50-75 
50-75 

50-75 

2,5-50 
25-50 

25-50 
25-50 
0-25 
25-50 

25-50 

25-50 

50-75 

0-25 

25-50 

25-50 
25-50 
25-50 

Feet 
6 
12 

0 

12 

12 

12 
6 
6 

6 

6 
12 

0 

6 
6 

6 

6 
6 

6 
6 

12 
12 

6 

6 
6 
12 

12 

12 
12 
12 

Clay  and  silty  clay. 
Silty  clay 

Silt 

Silt  loam  and  silty 

clay. 
Clay  and  silty  clay. 

Silt  loam... 

Moist 

Fair 

°  F. 

75-90 

70-95 

70-95 

55-85 

80-95 

45-70 
45-70 
60-90 

60-90 
65-85 
75-90 

70-90 
60-S0 
70-85 

65-85 

60-90 
80-90 

80-95 

SO   !i;, 
SO   '.I.", 

65-80 

55-70 

60-80 

75-90 

70-80 

65-80 

80-95 
80-95 
80-95 

0  F. 
140 
130 

150 

145 

135 

190 

(2) 

200 

190 
150 
150 

150 
160 

150 

150 

200 
160 

160 
150 
150 
130 

180 

160 

150 

140 

170 

135 

140 

140 

Inches 
0.50 

.40 

.50 

.60 

.60 
(*) 

.45 

.45 
.40 
.70 

.50 
.60 
.85 

.00 

.75 
.70 

.65 
.70 
.55 
.55 

.50 

.40 

.50 

.70 

.60 

.60 
.50 
.40 

14-28 
2-4 

4-7 

4-7 

7-14 

14-28 

14-28 

4-7 

4-7 

14-2S 

2-4 

4-7 
2-4 
1-2 

4-7 

1-2 
1-2 

2-4 
1-2 

4-7 
4-7 

2-4 

2-4 

2-4 

1-2 

1-2 

1-2 
1-2 
1-2 

1 

Retreatment,    bi- 
tuminous    resi- 
due. 

Firm      

..  do    

Do. 

8 

Moist 

.._do .- 

...do 

...do 

No  record _ 
Moist 

_..do 

Wet 

Moist 

_.-do._ 

Occasional 

showers. 
Fair      

Do. 

15 

do 

Firm,  some  dust.. 
do 

Do. 

20 

28 
29 

Occasional 

showers. 
Cool  and  fair.. 
do 

Do. 
Do. 

4 

Clay 

Firm,  some  dust.. 

do 

Soft  and  loose 

Firm,  some  dust.. 

do 

Occasional 
showers. 

do 

Frequent  rains 
Occasional 
showers. 

do 

Fair 

Uniform. 

5 
6 

7 

Silt  loam  and  clay. 
Silty  clay  and  clay. 

Do. 
Do. 

9 

Siltv  clay  

Do. 

14 

Silt  loam 

.....do 

Silt  loam  and  silty 

clay. 
Silt  loam     

do.... 

do... 

Dry 

..do... 

Do. 

22 

-do 

23 
3 

do.. 

Loose  and  dusty 

Hard  and  dusty... 

.lo 

...do 

do.. 

do -. 

do  . 

able  in  color. 
Nonuniform. 

Do. 

10 
11 

Rollin<,' 

do. 

do 

...do 

...do 

O  ccasional 

showers. 
do 

Nonuniform  and  selec- 
tive. 
Do. 

12 
13 

Rolling 

Level..  

do 

Rolling 

do 

do 

do 

do 

Level . 

do 

do.. 

do 

Silty  clay 

do.. 

Silt  loam 

Very  dusty 

Firm .  ..     . 

II  a  r  d  ,    partly 
crusted. 

...do. 

...do 

...do 

..do.. 

do 

Fair 

Nonuniform. 
Uniform. 

16 
24 

do. 

Cool   and 

cloudy. 
Fair... 

Selective  and  variable 
in  color. 

25 

Silty  clay  and  clay. 

Silt  loam  and  silty 

clay. 
Silt  loam . 

Hard,           partly 

crusted. 
Very  dusty 

...do 

...do 

tive. 
Selective. 

27 

do.. 

17 

Hai'd,    partly 

crusted. 
do 

do.. ._ 

do 

...do 

—do 

...do. 

...do 

Occasional 

showers. 
do 

do 

do. 

18 

19 
20 

do.. 

Silty  clay... 

do 

tive. 
Variable  in  color  and 
selective. 

Do. 

Do. 

21 

do 

do 

...do 

do. 

Do. 

i  See  text,  p.  57. 

drawings  include  the  information  furnished  by  the  condi- 
tion surveys  made  of  the  road  surface. 

The  soil  comprising  the  roadway  is  indicated  by  a 
zone  number  which  corresponds  to  the  same  number 
and  soil  layer  in  the  soil  profile.  When  the  subgrade 
consists  of  mixed  materials  from  several  zones,  the 
zone  numbers  are  shown  in  the  order  in  which  the 
materials  predominate  in  the  mixture;  thus  "zones  1, 
3,  and  5"  indicates  that  soil  material  of  zone  1  seems 
to  dominate  zone  3  material  and  that  zone  3  material 
seems  to  dominate  zone  5  material  in  amount.  The 
numerals  give  only  a  general  idea  of  the  materials,  as 
fills  are  composed  of  a  heterogeneous  instead  of  a 
homogeneous  mixture  of  materials  from  the  various 
zones.  The  soil  profile  of  Figure  3  is  taken  along  the 
left  bank  line  while  the  soil  data  shown  on  the  corre- 
sponding plan  are  based  on  an  examination  of  the 
roadway. 

The.  original  center  line  grade  was  determined  from 
the  amounts  of  both  cut  and  fill  indicated  by  the  origi- 
nal construction  cross  sections  sheets  of  the  roads 
studied.  Thus  the  original  center  line  grade  does  not 
necessarily  mean  the  original  ground  line,  except  on 
newly  located  roads.  In  other  cases  the  original  ground 
line  can  be  estimated  only  approximately  from  the 
present  bank  line  profiles. 

The  soil  profiles  were  determined  by  an  examination 
of  the  back  slopes  and  borings.  The  soil  material  in 
the  subgrade  was  determined  by  using  a  pick  and 
examining  the  soil  to  a  depth  of  3  or  4  inches.     The 


2  No  record. 

soil  in   the  oil  mat  was  considered   to  be  similar  in 
character  to  that  supporting  the  oil  mat. 

The  soil  in  the  subgrade  may  differ  from  that  which 
would  be  expected  from  the  bank  profile.  This  may  be 
due  to  several  factors,  as  follows:  (a)  The  material 
may  be  fill  over  an  old  roadbed;  (b)  material  from 
ditches  or  back  slopes  obtained  from  a  zone  above  or 
below  the  zone  on  the  level  with  the  subgrade  may  have 
been  used  in  finishing  the  road;  and  (c)  the  original 
materials  may  have  been  rearranged  by  blading. 

DATA  PRESENTED  IN  TABULAR  FORM 

For  convenience  of  analysis  the  records  of  the  obser- 
vations on  the  29  sections  studied  are  given  in  Table  4. 
The  sections  are  listed  in  the  order  of  their  performance 
as  shown  by  the  first  complete  condition  survey. 

Some  of  the  variables  studied  were  not  determined 
with  great  accuracy.  For  example,  variations  in 
moisture  content,  because  of  gradations  in  soil  type 
and  differences  in  elapsed  time  between  preparation  of 
surface  and  application  of  oil,  could  not  be  determined 
readily,  hence  descriptive  terms  depicting  average  con- 
ditions were  used.  Such  terms  could  be  easily  analyzed 
and  were  sufficiently  accurate  for  the  purpose  at  hand. 
Data  listed  as  average  are  available  in  detail  on  specific 
sections,  in  most  cases,  but  are  more  susceptible  of 
analysis  after  summation. 

SOILS  IN  TWO  ROAD  SECTIONS  GIVEN  SPECIAL  STUDY 

The  soils  encountered  in  the  special  investigation  of 
U.  S.  Highway  No.  65,  Waverly  to  Marshall,  stations 
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Table  4. — Record  of  observations  on  29  oil-treated  sections — Continued 


0  to  980  (sections  10  to  12  in  Tables  1  and  4),  and  U.  S. 
Highway  No.  63,  Axtell  to  La  Plata,  stations  34  to  840 
(sections  22  and  23  in  Tables  1  and  4),  belong  principally 
to  the  Marshall  and  Putnam  series  as  designated  by  the 
United  States  Bureau  of  Chemistry  and  Soils.  Lesser 
areas  of  Knox  silt  loam,  Shelby  loam,  an  uncorrelated 
type  designated  as  type  No.  2  on  U.  S.  Highway  No.  63 
and  an  uncorrelated  type  designated  as  type  No.  3  on 
U.  S.  Highway  No.  65,  were  mapped.  A  brief  descrip- 
tion of  these  soils  is  given  here. 

U.  S.  Highway  No.  68,  Axtell  to  La  Plata. — The  soil 
profile  of  the  Putnam  silt  loam  which  occupies  the 
flat  prairie  regions  of  north  central  and  northeastern 
Missouri  is  composed  of  five  distinct  soil  zones  or  layers. 
The  first  layer,  zone  1,  is  a  grayish  brown,  fine  gramdar 
or  crumb-structured  friable  silt  loam.  The  second  layer, 
zone  3,  is  a  gray,  laminated  platy  or  flaky  silt  loam. 
The  third  layer,  zone  5,  is  a  brown,  heavy,  tough 
plastic  clay  which  breaks  into  small  rectangular  or 
square  particles  having  a  smooth  outer  coating  and 
are  hard  when  dry.  These  particles  become  larger  and 
less  stable  with  depth.  The  fourth  layer,  zone  7,  is  a 
bluish  gray  structureless,  heavy,  sticky,  plastic  clay 
containing  varying  amounts  of  yellow  mottles.  Small 
quantities  of  sand  may  occur  in  spots  through  the  lower 
part  of  the  fourth  layer.  The  fifth  layer,  zone  9,  is  a 
structureless  yellow  or  yellow-and-gray-splotched, 
slightly  oxidized,  calcareous,  glacial  clay,  or  clay  loam 
containing  varying  percentages  of  sands  and  silts. 

Bordering  the  Putnam  silt  loam  in  the  timbered  areas, 
the  uncorrelated  type  No.  2  was  mapped.  This  type 
possesses  the  same  number  of  soil  zones  as  the  Putnam 
silt  loam  and  differs  mainly  in  the  second  layer,  zone  3. 


In  place  of  the  gray  laminated  silt  laj^er  of  the  Putnam 
silt  loam,  a  yellow  to  yellowish-gray  fine  granular  silty 
clay  loam  occurs. 

A  soil  type  derived  from  glacial  drift  and  developed 
under  forested  conditions  was  mapped  on  the  rolling 
topography  of  this  highway.  This  type  closely  resem- 
bles the  Shelby  loam  of  northern  Missouri.  The  first 
layer,  zone  1,  is  a  brown  friable  loam  or  silt  loam  of  fine 
granular  structure.  The  second  layer,  zone  3,  is  a  brown 
to  grayish-brown  granular  loam  or  clay  loam.  The 
third  layer,  zone  5,  is  a  yellowish  brown,  friable,  sub- 
angular-structured  clay  loam  or  clay.  The  fourth  layer, 
zone  7,  is  a  yellow-and-gray-mottled  structureless  glacial 
clay  or  clay  loam  containing  varying  percentagesof  sand. 

U.  S.  Highway  No.  65,  Waverly  to  Marshall.— The 
Marshall  soils  (silt  loam  and  deep  and  shallow  phases) 
of  the  prairie  regions  of  central  Missouri  were  encoun- 
tered on  practically  the  entire  length  of  the  portion  of 
this  highway  studied.  The  first  layer,  zone  1,  of  the 
silt  loam  is  a  dark  brown,  friable,  finely  granular  or 
crumb-structured  silt  loam.  The  second  layer,  zone  3, 
is  a  brown  silt  loam  of  slightly  coarser  structure  and 
heavier  texture  than  the  first  layer.  The  third  layer, 
zone  5,  is  a  brownish-yellow  silt  loam  of  no  definite 
structure.  The  fourth  layer,  zone  7,  is  a  gray  silt  loam 
with  yellow  splotches.  The  fifth  layer,  zone  9,  is  a 
gray  silt  with  hon  concretions  developed  along  decayed 
roots.  The  deep  and  shallow  phases  of  this  type  varied 
only  slightly  from  the  above  description. 

The  Knox  silt  loam  occupies  the  more  rolling  topog- 
raphy lying  between  the  Marshall  soils  and  the  Mis- 
souri River  and  is  very  similar  to  the  Marshall  soils 
with  the  exception  that  it  is  lighter  colored. 
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The  uncorrelated  type  No.  3  is  a  prairie  soil  derived 
from  loessial  material.  The  first  layer,  zone  1,  is  a 
dark  brown  silty  clay  loam  of  granular  structure.  The 
second  layer,  zone  3,  is  a  bluish  drab,  sticky,  plastic, 
granular,  structured  clay.  In  the  flat  areas  having 
inferior  drainage  another  layer,  zone  2,  a  black,  slightly 
sticky  clay  of  crumb  structure,  is  found  between  the 
first  and  second  layers.  The  third  layer,  zone  5,  is  a 
bluish-gray-and-yellow-mottled,  sticky,  plastic  clay  or 
silty  clay  loam.  The  fourth  layer,  zone  7,  is  a  bluish 
gray,  mottled  with  yellow,  structurelesss  clay  of  high 
silt  content. 

The  reaction  of  the  individual  soil  zones  with  oil  as 
shown  by  the  condition  survey  is  tabulated  in  Table  5, 
together  with  the  laboratory  test  results  of  representa- 
tive samples  of  soil  from  each  of  the  soil  zones  en- 
countered. The  soil  zones  are  assigned  to  certain  soil 
groups  according  to  their  physical  characteristics  as 
disclosed  by  laboratory  tests. 

BENEFITS  DERIVED  FROM  OIL  TREATMENT  DEPEND  ON  CHARAC- 
TER OF  SUBGRADE  SOIL 

No  definite  major  effect  of  soil  type  is  developed  from 
a  study  of  Table  4  but  when  the  data  in  this  table  are 
combined  with  those  obtained  from  the  more  detailed 
examination  and  mapping  of  soils  on  U.  S.  Highways 
63  and  65,  as  given  in  Table  5,  the  difference  in  reaction 
of  the  various  layers  of  the  different  soil  types  with  oil 


is  clearly  indicated.  In  general,  all  classes  of  soil  were 
benefited  by  the  oil  treatment,  but  the  degree  of  success 
obtained  varied  with  the  physical  characteristics  of  the 
subgrade  soil.  This  fact  indicates  that  the  requisites 
of  the  various  soil  layers  and  soil  types  are  different. 

Uniformly  good  results,  other  conditions  being  favor- 
able, were  obtained  by  treating  the  cohesive  type  of 
soil  (clay)  regardless  of  the  character  of  the  base  of  the 
oil,  whereas  better  results  were  obtained  in  the  case  of 
the  noncohesive  type  of  soil  (silts)  with  the  use  of  oil 
having  greater  viscosity  and  a  more  ductile  residue, 
when  the  quantity  applied  was  sufficient  to  produce  a 
dense  waterproof  surface.  It  is  believed  that  the  duc- 
tility of  the  residue  obtained  in  the  manner  specified 
in  Table  2  is  sufficiently  indicative  of  the  adhesive 
properties  of  the  oil  to  justify  the  selection  of  oils  show- 
ing a  ductile  residue  for  use  with  noncohesive  soils. 

A  study  of  Table  5  indicates  that  with  the  type  and 
quantity  of  oil  used: 

1.  Group  A-4  subgrades  are  subject  to  considerable 
surface  rutting. 

2.  Groups  A-6  and  A-7  subgrades  furnish  good 
surfaces. 

3.  Soils  which  fall  on  the  border  line  between  A-4 
and  A-6  or  A-7  groups  give  inconsistent  results. 

The  detailed  subgrade  and  condition  survey  disclosed 
that,  in  general,  the  stability  of  noncohesive  soils 
(silts)  was  increased  by  the  addition  of  oil,  and  that, 


Table  5. — Results  of  soil  tests  on  the  various  layers  of  the  different  soil  types  and  their  reactions  with  oil 


Mechanical  analys 

is 

Physical  characteristics  of  material  passing 
No.  40  sieve 

Particles  smaller  than  2  mm. 

Shrinkage 

Moisture 
equivalent 

Soil  type 

Route  on  which 
found 

Zone 

Parti- 
cles 
larger 
than 
2  mm. 

Lower 

liquid 

limit 

Plas- 
tic 
index 

Group 

Reaction  with  oil  ' 

Coarse 
sand 
2.0  to 

Fine, 
sand 
0.25  to 

Silt  0.05 
to  0.005 

Clay 

smaller 
than 

Colloids 
smaller 

than 

Limit 

Ratio 

Centri- 
fuge 

Field 

0.25 

0.05 

mm. 

0.005 

0.001 

mm. 

mm. 

mm. 

mm. 

f      1 

0 

3 

12 

66 

19 

6 

33 

9 

28 

1.6 

32 

29 

A-4 

Scaled,  checked,  pitted. 

3 

1 

6 

12 

60 

21 

11 

33 

12 

29 

1.6 

34 

28 

A-4 

Do. 

Putnam  silt  loam. . 

U.S.  Route  63... 

{      5 

0 

3 

IS 

42 

40 

21 

64 

30 

16 

1  'i 

54 

52 

A-7 

Mat  intact. 

7 

0 

3 

17 

39 

41 

24 

62 

37 

15 

1.9 

'60 

39 

A-6 

(3). 

1       9 

0 

2 

5 

60 

33 

19 

52 

31 

16 

1.8 

2  53 

39 

A-6 

(3). 

(      1 

0 

4 

15 

65 

16 

5 

36 

12 

25        1.6 

29 

28 

A-4 

(»). 

Uncorrelated  tvpe 
No.  2. 

do 

5 

0 
0 

8 
2 

11 
9 

57 
46 

24 
43 

10 
32 

41 
64 

18 
32 

24 
15 

1.6 
1.8 

36 
50 

33 
51 

A-4 

A-7 

(3). 

Mat  intact. 

1       7 

0 

2 

8 

58 

32 

16 

49 

27 

16 

1.8 

2  50 

34 

A-6 

Do. 

f       1 

0 

7 

2fi 

54 

13 

7 

34 

12 

25 

1.6 

24 

31 

A-4 

(J). 

3 

0 

5 

27 

51 

17 

11 

34 

14 

18        1.8 

28 

28 

A-4 

(3). 

Shelby  loam 

do 

5 

0 

4 

15 

56 

25 

10 

44 

24 

17        1.8 

31 

37 

A-7 

Mat  intact. 

7 

2 

5 

16 

53 

24 

12 

41 

25 

13        1.9 

34 

28 

A-6 

Do. 

1       9 

1 

3 

32 

38 

26 

11 

42 

27 

11        2.0 

M4 

30 

A-6 

Do. 

(       1 

0 

1 

22 

64 

13 

6 

30 

8 

25  '     1.6 

29 

26 

A-4 

Rutted. 

3 

0 

1 

19 

61 

19 

10 

37 

17 

21    1     1.7 

30 

29 

A-4 

Inconsistent.4 

Knox  silt  loam 

U.  S.  Route  f>5._ 

1       5 

0 

1 

9 

77 

13 

4 

39 

16 

23        1.6 

37 

30 

A-4 

Rutted. 

7 

0 

1 

21 

68 

10 

5 

39 

15 

26        1.6 

38 

32 

A-4 

(3).              1 

1       9 

0 

0 

16 

73 

11 

4 

35 

12 

23        1.6 

32 

30 

A-4 

Rutted. 

(       1 

0 

1 

15 

71 

13 

8 

41 

14 

27        1.6 

36 

34 

A-4 

Inconsistent. 

3 

0 

0 

16 

67 

17 

8 

40 

17 

21        1.7 

34 

31 

(5) 

Do. 

Marshall  silt  loam. 

do 

{       5 

0 

2 

14 

74 

10 

8 

42 

19 

23 

1.6 

36 

33 

(5) 

Do. 

7 

0 

2 

17 

70 

11 

6 

42 

17 

26 

1.6 

35 

33 

A-4 

Rutted. 

1       9 

0 

2 

9 

80 

9 

6 

35 

11 

31 

1.6 

38 

30 

A-4 

Do. 

f       1 

0 

2 

9 

72 

17 

7 

41 

17 

23 

1.7 

48 

34 

A-4 

'Do. 

3 

n 

2 

ir, 

68 

14 

7 

44 

19 

22 

1.7 

39 

35 

A-7' 

Inconsistent. 

Marshall  silt  loam 

do 

7 

0 
0 

2 
1 

15 

18 

71 
69 

12 
12 

7 
6 

48 
45 

23 
22 

22 
23 

1.7 
1.7 

50 
39 

38 
34 

A-7 
(s) 

l  Do. 

deep  phase. 

(3). 

1       9 

0 

1 

9 

75 

15 

6 

43 

20 

21 

1.7 

36 

32 

(s) 

(3). 

f       1 

0 

2 

16 

66 

16 

5 

39 

15 

27 

1.6 

36 

36 

A-4 

Inconsistent. 

Uneorrelatcd  type 
No.  3. 

do.. _ 

1       3 
5 

0 
0 

2 
4 

16 

19 

61 
61 

21 
16 

10 
8 

54 
52 

29 
31 

19 
19 

1.8 

1.7 

44 
41 

40 
38 

A-7 
A-7 

Do. 
Do. 

7 

0 

2 

16 

66 

16 

5 

40 

19 

20  1     1.7 

45 

30 

({) 

Rutted. 

f       1 

0 

3 

17 

69 

11 

7 

36 

13 

24  I     1.6 

34 

28 

A-4 

(3). 

Marshall  silt  loam 

do 

? 

0 

3 

IS 

63 

16 

5 

34 

15 

18  1     1.8 

28 

27 

(«) 

Inconsistent. 

shallow  phase. 

5 

0 

10 

?3 

57 

10 

4 

33 

17 

17        1.8 

30 

23 

(s) 

Do. 

1       7 

0 

10 

38 

40 

12 

6 

24 

11 

15        1.9 

18 

19 

A-4 

(3). 

1  Reaction  with  oil  is  based  on  behavior  of  individual  zones  in  cut  or  fill.    The  behavior  of  the  various  zones  when  combined  with  others  is  not  included  in  this  table. 
''  Waterlogged. 

3  No  road  surface  consists  of  this  soil  layer.     Soil  tests  results  are  shown  to  give  complete  information  for  the  soil  types. 

4  Inconsistent  reaction  with  oil  indicates  that  the  condition  of  the  oil-earth  mat  on  this  laver  varied  to  such  an  extent  that  no  condition  rating  could  be  applied  as  gen- 
erally representative  of  the  performance  of  this  layer. 

5  Blank  spaces  under  group  indicate  that  according  to  laboratory  tests  the  soils  fall  between  the  A-4  and  A-6  or  A-7  groups. 
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within  the  limits  of  the  soil  types  encountered  and  with 
the  application  of  the  same  type  and  quantity  of  oil, 
the  layers  of  the  silty  soil  types  which  contained  the 
higher  percentages  of  clay  gave  the  best  results.  Also, 
while  surface  rutting  was  the  most  serious  failure  on  the 
silty  soils,  it  was  of  minor  importance  on  the  clay  soils. 
The  failures  on  the  clay  subgrades  were  in  the  form  of 
surface  defects,  without  any  serious  loss  of  stability. 

The  tendency  of  the  cohesive  soils  (clays)  to  give 
better  results  than  the  cohesionless  soils  (silts)  under 
the  conditions  and  methods  of  construction  may  be 
explained  when  we  realize  that  we  are  dealing  with  a 
soil  made  up  of  an  aggregate  of  certain  constituents  to 


Figure  4.— Poorly  Drained  Section.  The  Irregular 
Surface  Has  Caused  Traffic  to  Follow  Selective 
Traffic  Lanes.  As  a  Result  Portions  of  the  Surface 
Have  Been  Deprived  of  the  Ironing  and  Kneeding 
Effect  of  Traffic  and  Have  Raveled  Extensively 

which  we  are  attempting  to  impart  stability,  and  that 
the  requisites  of  stability  are  a  proper  combination  of 
internal  friction  and  cohesion.  We  can  do  only  two 
things  by  the  addition  of  oil.  One  is  to  stabilize  the 
moisture  content  by  exclusion  of  as  large  a  percentage 
as  possible,  and  the  other  is  to  impart  some  cohesion. 
The  cohesive  type  of  soil  (clay)  already  has  sufficient 
cohesion  and  requires  only  the  exclusion  or  stabiliza- 
tion of  moisture  content  to  furnish  stable  support; 
hence  it  is  entirely  logical  that  any  waterproofing  oil, 
regardless  of  its  adhesive  qualities,  will,  if  and  while 
present  in  sufficient  quantities,  serve  as  an  efficient 
road  oil.  Such  soils  as  silt  or  sand  lacking  cohesion  and 
waterproofing  will  not  supply  this  lack,  although  it  will 
eliminate  variations  in  volume  due  to  variations  in 
moisture  content.  It  is  therefore  logical  to  expect  that 
the  addition  of  cohesion  to  this  type  of  soil  which  can 
in  some  degree  be  added  through  the  use  of  an  oil  having 
adhesive  properties,  as  indicated  by  the  ductility  of  the 
residue,  will  be  reflected  in  more  serviceable  surfaces. 
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Nonuniformity  of  subgrade  soils  and  degree  of  con- 
solidation appreciably  affected  the  uniformity  of  the 
completed  surface.  The  greater  portions  of  U.  S. 
Highways  63  and  65  on  which  a  detailed  soil  survey  was 
made  consisted  of  fill  over  an  old  road  and  were  com- 
posed of  mixtures  of  the  various  soil  layers  in  different 
percentages  and  degree  of  compaction. 

Soil  materials  which  possessed  the  properties  of  com- 
paction in  a  high  degree  gave  the  best  results  and  soil 
material  in  place  reacted  better  with  the  oil  treatment 
than  the  same  soil  in  fill.  This  was  especially  true  of 
the  soils  which  were  difficult  to  compact,  namely,  the 
silty  soils.  Of  the  silty  soils,  those  with  some  develop- 
ment of  field  structure  were  the  most  compactable. 
Surface  defects  (raveling,  crumbling,  scaling,  checking, 
pitting)  were  confined  almost  entirely  to  fill  materials. 
This  fact  indicates  that  more  uniform  penetration  and 
better  final  results  may  be  obtained  if  the  subgrade  is 
prepared  so  that  the  materials  are  mixed  and  consoli- 
dated uniformly. 

More  uniform  surfaces  and  consequently  more  uni- 
form penetration  may  be  obtained  by  scarifying  the 
surface  to  a  depth  of  about  3  inches  and  thoroughly 
mixing  this  loosened  material  by  means  of  a  multiple 
blade  maintainer,  or  by  blading  the  material  back  and 
forth  across  the  roadway.  After  the  soil  has  been 
thoroughly  mixed  it  should  be  distributed  uniformly 
over  the  surface  and  carefully  maintained  during  recon- 
solidation  for  a  period  of  six  weeks  prior  to  the  final 
preparation  for  treatment. 

SURFACE  DRAINAGE  ESSENTIAL  TO  GOOD  RESULTS 

Surface  drainage  was  rated  as  follows: 

0-25 Side    ditches    shallow    and    poorly    drained.     Road 

crown  insufficient  to  shed  surface  water,  and  water 
accumulating  in  slightly  depressed  areas  either 
penetrated  the  treated  surface  or  was  eliminated  by 
evaporation.  Crown  less  than  0.2  of  an  inch  per 
foot  of  width. 

25-50 Side  ditches  provided  satisfactory  drainage.     Road 

crown  similar  to  that  described  above. 

50-75 Side  ditches  provided  satisfactory  drainage.     Road 

crown  sufficient  to  shed  water  readily.  Crown  be- 
tween 0.2  and  0.3  of  an  inch  per  foot  of  width. 

75-100 Side    ditches    provided    excellent    drainage.     Road 

crown  sufficient  to  shed  surface  water  rapidly  and 
completely,  even  from  slightly  depressed  areas. 
Crown  in  excess  of  0.3  of  an  inch  per  foot  of  width. 


In  observing  the  ratings  as  shown  on  the  charted  sum- 
mary under  drainage,  Table  4,  it  is  noted  that  with  only 
two  exceptions  a  drainage  rating  of  from  50  to  75  or 
better  was  accompanied  by  a  rating,  in  the  fall  condition 
survey,  or  fair  or  better.  All  ratings  poorer  than 
50-75  were  accompanied  by  condition  survey  ratings  of 
poor  or  worse.  A  relationship  between  efficiency  of 
surface  drainage  and  final  result  is  suggested. 

Observations  in  the  field  indicate  that  proper  surface 
drainage  is  one  of  the  primary  requisites  of  satisfactory 
results  in  the  oiling  of  earth  surfaces.  Figure  4  shows 
the  results  of  poor  drainage.  In  no  case  did  the  depart- 
ment fail  to  obtain  an  all-weather  roadway  during  the 
winter  following  oiling  if  ample  surface  drainage  had 
been  provided.  In  other  words,  under  all  soil  condi- 
tions and  within  the  entire  range  of  oils  used,  service 
consistent  with  the  expenditure  was  obtained  if  satis- 
factory drainage  was  provided. 

Many  failures  were  caused  by  water  from  rains  and 
melting  snow  being  retained  in  slight  surface  depressions 
for  extended  periods  of  time.     These  failures  occurred 
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most  frequently  on  flat  grades  which  were  entirely  de- 
pendent on  direct  transverse  drainage  for  the  disposal 
of  surface  water.  It  is  in  this  respect  only  that  the 
character  of  the  profile  has  any  effect  on  the  surface 
condition.  Runoff  from  the  treated  portion  often 
caused  the  untreated  sholder  to  become  very  unstable 
and  mutilation  of  the  treated  surface  progressed  in- 
wardly from  the  outer  edge. 

SUBGRADE  MOISTURE  AT  TIME  OF  OILING  REFLECTED  IN  SURFACE 
CONDITION 

Reference  to  Table  4  shows  a  consistent  relationship 
between  the  character  of  surface  just  prior  to  treatment, 
the  moisture  content  and  the  final  results.  Figures  5 
and  6  illustrate  the  results  obtained  under  different 
conditions  of  moisture.  Sections  rated  as  fair  or  better 
were  free  from  excess  dust  and  their  states  of  consoli- 
dation varied  from  loose  to  firm.  Surfaces  on  sections 
given  a  final  rating  of  poor  or  failed,  were  in  general 
more  dusty  and  in  many  cases  hard  and  crusted.  All 
sections  rated  as  fair  or  better  in  the  first  condition 
survey,  with  the  exception  of  one,  show  the  presence 
of  an  appreciable  amount  of  moisture  when  oiled.     The 
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Figure  5. — Section  in  Good  Condition  Three  Months 
After  Treatment.  The  Surface  Contained  an  Appre- 
ciable Amount  of  Moisture  When  Oil  Was  Afplied 

one  section  not  showing  the  presence  of  moisture  was 
rated  as  poor  at  the  time  of  the  second  condition  survey. 
All  sections  rated  as  poor  or  failed,  had  no  appreciable 
amount  of  moisture  at  the  time  of  application  of  the  oil. 
If  satisfactory  surface  drainage  has  been  provided 
so  that  water  will  not  stand  on  the  surface  and  be 
forced  into  and  through  the  oiled  surface  by  the  action 
of  traffic,  the  next  most  important  requisite  to  the  suc- 
cessful oil  treatment  of  earth  is  the  proper  condition  of 
the  surface  as  regards  moisture  content.  For  a  success- 
ful oil  treatment  it  is  necessary  that  the  oil  penetrate 
and  become  intimately  mixed  with  all  soil  particles  by 
the  kneading  action  of  traffic.  The  mere  presence  of 
the  proper  quantity  of  oil  on  or  near  the  surface  is  not 
sufficient.  All  particles  must  be  coated  or  saturated 
with  oil.  The  condition  of  the  soil  must  be  such  that 
the  oil  can  enter  and  mix  with  all  the  particles,  either 
by  direct  penetration  or  by  manipulation  and  knead- 


Figure  6. — Surface  Was  Partly  Crusted  and  Hardened 
at  the  Time  Oil  Was  Applied.  Shrinkage  Cracks 
Are  Numerous  and  Pitting  Is  Evident 

ing  under  traffic.  The  presence  of  the  normal  moisture 
content  promotes  the  conditions  just  stated  in  that  the 
moisture  keeps  open  the  pore  spaces  and  facilitates  the 
uniform  distribution  of  the  oil.  By  its  gradual  recession 
or  elimination  the  moisture  promotes  uniformity  and  com- 
pleteness of  the  contact  of  the  oil  with  all  particles  even 
though  the  rate  of  penetration  is  retarded  to  some  extent. 
The  character  of  surface  prior  to  oiling  as  previously 
suggested  is  in  a  very  large  measure  dependent  upon 
the  moisture  content.  The  presence  of  dust  is  due  to 
lack  of  moisture.  Most  clays  exhibit  considerable 
volume  change  with  variations  of  moisture  content.  On 
drying  excessive  shrinkage  takes  place  resulting  in  the 
formation  of  shrinkage  cracks  and  a  hardened  crust 
separated  into  blocks  by  the  cracks.  This  is  the  con- 
dition referred  to  as  "hard  and  crusted"  under  surface 
condition  rating.  The  crust  has  become  densified  and 
hardened,  and  the  particles  which  in  a  moist  condition 
were  separated  by  films  of  moisture  are  now  drawn 
into  more  intimate  contact  through  the  stresses  exerted 
by  capillary  pressure  as  the  water  is  eliminated.  The 
major  portion  of  the  area  of  the  surface  is  too  dense  and 
hard  to  receive  the  oil  and  as  a  result  it  enters  the 
cracks  between  the  surface  blocks  to  remain  in  concen- 
trated form  or  to  distribute  itself  in  the  more  moist 
and  consequently  more  receptive  underlay ers.  The 
blocks  of  hardened  surface  receive  some  oil  by  penetra- 
tion around  their  surfaces  but  exhibit  a  dry  and  barren 
interior.     If  the  blocks  of  crust  are  not  too  hard  the 
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kneading  of  traffic  may  tend  to  remedy  the  condition  by 
helping  to  redistribute  the  oil  present  in  the  cracks  but 
under  extreme  conditions  the  blocks  remain  hard  and  un- 
receptive.  The  impact  of  traffic  often  causes  the  surface- 
coated  but  impenetrated  blocks  to  be  displaced,  starting 
the  familiar  conditions  of  raveling  and  potholing. 

Lack  of  moisture  in  the  case  of  soils  which  have  lower 
volume  change  with  loss  of  moisture,  such  as  the  silts 
or  sandy  soils,  is  not  so  serious,  as  the  pores  vacated 
by  moisture  are  occupied  to  a  considerable  extent  by 
air  and  are  open  to  the  entrance  of  oil.  Dust  forms 
rapidly,  however,  on  this  type  of  soil.  If  this  dust  is 
not  penetrated  so  thoroughly  as  to  bind  it  to  the  under- 
lying soil,  it  will  cause  serious  peeling  and  raveling,  and 
barren  spots,  insulated  by  dust  layers  against  penetra- 
tion, will  later  pit  and  rut  or  ravel. 

Owing  to  weather  and  traffic  conditions  the  surface  to 
be  treated  can  be  maintained  in  the  ideal  condition  for 
the  reception  of  oil  for  only  a  very  short  period  of  time, 
usually  not  more  than  24  hours. 

Of  sections  included  in  this  study  the  best  results  were 
obtained  on  those  sections  which  were  bladed  the  same 
day  oil  was  applied.  Blading  at  this  time  cut  down  to 
the  zone  of  normal  moisture  content,  and  the  treatment 
followed  before  the  moisture  had  received  from  the 
exposed  surface.     Section  2  is  an  example. 

The  poorest  sections  were  those  which  were  bladed 
to  finished  grade  a  considerable  time  before  oil  was 
applied.  Sections  17  to  21,  inclusive,  were  prepared 
for  oil  one  month  before  oil  was  applied  and  maintained 
during  this  interim  by  dragging,  care  being  taken  not 
to  disturb  the  compacted  portion  of  the  surface.  As  a 
result  the  surface  at  the  time  of  oiling  had  practically 
no  crown  and  portions  were  dense  and  crusted. 

The  outstanding  failures  of  sections  studied  in  this 
report,  excluding  failures  due  to  lack  of  drainage,  were 
due  to  the  conditions  suggested  above. 

WEATHER  CONDITIONS  EFFECTIVE  ONLY  IN  REGARD  TO  SUBGRADE 
CONDITION  PRIOR  TO  OILING 

Changes  in  weather  seemed  to  be  effective  only  to 
the  extent  that  they  affected  the  moisture  content  of  the 
surface  and  consequently  its  condition  prior  to  oiling. 

Within  the  ranges  observed  in  this  study  there  was 
no  significant  effect  of  air  temperature  changes  except 
that  they  might  have  served  to  speed  or  retard  changes 
in  the  moisture  content  of  the  subgrade. 

CHARACTER   OF  PENETRATION   MORE  SIGNIFICANT  THAN  DEPTH 
PENETRATED 

Within  the  range  of  penetration  obtained  there  did 
not  seem  to  be  any  significant  relation  between  depth  of 
penetration  and  resulting  service.  It  will  be  noted, 
however,  on  reference  to  Table  4,  that  the  character 
and  rate  of  penetration  seem  to  be  significant.  With 
proper  conditions  of  surface  and  moisture  the  penetra- 
tion was  relatively  slow  and  uniform,  an  exception  being 
a  section  previously  treated.  These  conditions  of  pene- 
tration coincide  with  fair  or  better  service  ratings. 
Coinciding  with  lack  of  proper  amounts  of  moisture, 
presence  of  excess  dust,  and  hardening  and  cracking  of 
the  surface,  nonuniform  and  more  rapid  penetration  was 
noted.  The  effect  of  loose  material  on  the  surface  prior  to 
oiling  is  shown  in  Figure  7.  The  rapidity  of  penetration 
was  increased  by  the  presence  of  cracks.  This  penetra- 
tion tended  to  be  selective,  however,  following  the 
cracks  rather  than  mixing  uniformly  through  the  soil. 
Cores  taken  so  as  to  include  the  cracks  showed  that 
they  had  contained  considerable  quantities  of  oil,  as 


the  soil  on  each  side  of  a  crack  was  impregnated  with 
oil  at  depths  considerably  below  the  point  of  maximum 
penetration  entering  directly  through  the  surface 

Where  the  crust  was  very  hard  and  resistant  to  pene- 
tration, cores  taken  to  the  maximum  depth  of  penetra- 
tion showed  a  variation  in  color,  grading  from  a  glossy 
black  at  the  surface  to  a  very  light  brown  at  the  max- 
imum depth.  Nonuniformity  and  rapidity  of  penetra- 
tion, together  with  selective  penetration  and  variation 
in  color  coincide  with  sections  rated  as  poor  or  failed. 


Figure  7. — Appearance  of  Surface  After  First  Applica- 
tion of  Oil.  Nonuniform  Penetration  Has  Occurred 
Because  of  Loose  Material  on  the  Surface.  The 
Presence  of  Unabsorbed  Oil  on  the  Surface  Is  Indi- 
cated by  the  Light  Spots 

relation  between  width  of  untreated  roadway  adjacent 
to  oiled  section  and  surface  condition 

A  study  of  the  summary  fails  to  produce  any  definite 
information  regarding  the  proper  width  of  untreated 
surface  adjacent  to  the  oiled  section.  Observations, 
however,  showed  that  there  was  a  detrimental  effect  of 
having  untreated  sections  adjacent  to  the  oiled  section, 
particularly  if  traffic  or  the  method  of  maintenance  was 
such  as  would  tend  to  move  untreated  earth  or  dust  on 
to  the  treated  surface. 

A  development  of  considerable  importance,  although 
it  does  not  have  an  important  effect  upon  the  efficiency 
of  the  oiled  earth  surface  as  a  traffic  way,  was  brought 
out  by  observations  in  connection  with  these  untreated 
widths  in  comparison  with  the  treating  of  full  width. 
This  development  was  the  great  efficiency  of  oil  treat- 
ments as  a  means  of  stopping  wash  or  erosion  of  soils 
of  the  noncohesive  type  such  as  those  derived  from  loess. 
In  certain  areas  the  Missouri  State  Highway  Depart- 
ment was  rapidly  approaching  the  necessity  of  purchas- 
ing additional  widths  of  right  of  way  to  obtain  earth  for 
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replacement  of  shoulders  removed  by  erosion.  Oil 
treatment  as  described  in  this  report  immediately  and 
effectively  stopped  this  erosion,  saving  many  dollars 
in  maintenance  costs.  In  extreme  cases  such  simple 
treatments  enabled  the  holding  of  fills  subject  to  over- 
flow, which  previously  had  periodically  been  lost. 
After  oil  treatment  these  fills  resisted  the  water  action 
by  virtue  of  the  thin  stabilized  film  or  layer  which  pre- 
vented the  inception  of  washing  and  crumbling. 
This  development  leads  us  to  include  the  factor  of 
conservation  of  material  in  our  future  considerations 
for  rating  effectiveness  of  oil  treatment. 

EFFECTS  OF  VARIATION  IN  TYPE  AND  QUANTITY  OF  OIL  AND  TEM- 
PERATURE OF  OIL  WHEN  APPLIED 

No  apparent  and  consistent  variation  in  results  due 
to  variation  in  oil  type  alone  can  be  noted  from  the 
data  as  herein  summarized. 

There  were,  however,  some  indications  that  a  larger 
quantity  of  oil  per  unit  of  surface  would  insure  more 
durable  surfaces  than  were  obtained  with  the  use  of  the 
original  quantity  specified,  i.  e.,  three-fourths  gallon 
per  square  yard.  Areas  of  noncohesive  soils  accidentally 
subjected  at  the  ends  of  sections  to  overlapping  treat- 
ments from  two  successive  distributor  loads  invariably 
showed  an  improved  character  of  surface  over  adjoining 
areas  not  covered  by  such  overlaps. 

On  sections  treated  with  No.  4  oil,  which  was  an  oil 
having  a  ductile  residue  and  a  somewhat  higher  vis- 
cosity than  oils  Nos.  1  and  3,  better  results  were  noted 
than  was  the  case  on  sections  treated  with  any  of  the 
other  oils.  In  connection  with  the  use  of  this  oil  it 
should  be  noted  that  very  favorable  penetration  condi- 
tions existed. 

These  indications  and  the  general  conviction  that 
somewhat  richer  surfaces  would  be  beneficial  led  the 
highway  department  to  use  a  larger  quantity  of  a 
somewhat  heavier  oil  during  the  following  oiling  season. 
In  these  later  applications  a  total  of  1  gallon  per  square 
yard  instead  of  three-fourths  gallon  was  used.  The 
principal  difference  between  No.  3  oil  (Table  3),  and 
the  oil  used  during  f  929  was  in  their  viscosities.  That 
used  during  1929  had  an  average  specific  viscosity  (En- 
gler)  at  60°  C.  of  17,  while  the  No.  3  oil  (Table  3)  had 
an  average  viscosity  of  10.82  by  the  same  method  of  test. 

The  surfaces  treated  during  1929  in  general  were  more 
serviceable  and  durable  than  those  treated  during  1928. 
This  improvement  is  attributed  largely  to  the  increase 
in  quantity  and  viscosity  of  the  oil,  although  some 
improvement  was  due  to  better  general  preparation  of 
surfaces  prior  to  oiling,  brought  about  by  increased 
attention  to  this  item. 

No  apparent  benefit  was  obtained  by  raising  the 
temperature  of  the  oil  for  application  above  that 
required  to  insure  against  clogging  of  the  distribution 
nozzles.  Increasing  the  temperature  of  the  oil  facilitates 
and  increases  run-off  from  the  surface  due  to  decreased 
viscosity  and  is  detrimental  rather  than  beneficial. 

EFFECTS  OF  VARIOUS  TYPES  OF  TRAFFIC 

Mutilative  traffic  seriously  reduced  the  serviceable 
life  of  a  considerable  mileage  of  the  treated  roads,  but 
was  localized  in  effect  as  a  rule  and  was  not  considered 
significant  as  affecting  condition  surveys.  Figure  8 
shows  the  effect  of  this  type  of  traffic.  The  destructive 
effect  was  not  as  noticeable  on  those  surfaces  having  a 
live,  ductile  surface  layer.  During  the  winter  and 
early  spring,  the  surface  is  least  resistant  to  mutilation 
by  traffic  and  during  those  seasons  much  damage  is  done 


by  the  hoofs  of  cattle  and  horses.  Any  reasonable  and 
practical  means  of  mitigating  the  effects  of  mutilative 
traffic  wrill  justify  some  expenditure.  As  stated  previ- 
ously, in  some  cases  cover  material,  generally  river  sand, 
was  applied  in  a  thin  layer  to  the  surface.  The  results 
seemed  to  be  uniformly  beneficial  except  in  the  presence 
of  conditions  causing  the  failure  of  the  oil  treatment. 
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Figure  8. 


-Mutilating      Effect      of    Traffic      After 
Retreatment 


Sections  16  and  27  indicate  clearly  that  the  service- 
able life  of  the  treated  road  is  materially  shortened  if 
traffic  during  the  first  month  after  application  of  the  oil 
is  not  sufficient  and  of  such  character  as  to  knead 
thoroughly  and  incorporate  the  oil  into  the  surface. 
Section  27  was  deprived  of  this  traffic,  the  road  having 
been  barricaded  during  the  construction  of  higher  type 
pavement  on  an  adjoining  section.  The  surface  two 
months  after  treatment  was  dusting  extensively,  the 
oil  being  light  brown  in  color  and  dead,  almost  entirely 
devoid  of  its  binding  properties.  Section  16  is  an 
example  of  what  may  be  expected  when  the  surface 
contour  is  so  irregular  that  traffic  uses  selective  lanes. 
Several  large  longitudinal  ruts  extended  over  the 
greater  portion  of  this  section  when  the  final  prepara- 
tion was  started.  These  ruts  were  filled  with  loose  soil 
and  oil  applied  before  this  material  was  compacted. 
As  a  result,  several  major  depressions  soon  appeared 
where  the  ruts  had  been.  This  condition  caused  traffic, 
especially  pneumatic  tired  traffic,  to  follow  selective 
traffic  lanes.  The  balance  of  the  treated  surface  soon 
became  dead,  dusting  and  raveling  extensively  owing 
to  lack  of  traffic. 

METHODS  OF  MAINTENANCE  COMPARED 

Sections  10  and  11  are  typical  examples  of  the  effects 
of  blading  a  thin  layer  of  earth  in  from  the  shoulder, 
and  section  14  is  an  example  of  the  effects  of  shaving 
the  treated  surface  and  filling  the  defects  with  the 
material  thus  obtained. 
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Both  methods,  although  improving  the  riding  surface 
temporarily,  materially  shortened  the  serviceable  life 
of  the  treated  surface.  The  dust  superimposed  on  the 
surface  acted  somewhat  as  a  blotter,  absorbing  a  portion 
of  the  oil,  after  which  it  was  washed  or  blown  from  the 
surface,  carrying  this  portion  with  it.  The  dust  also 
insulated  the  treated  surface  against  the  kneading  and 
solidifying  effect  of  traffic  and  as  a  result  the  oil 
deadened  rapidly.  This  method  of  maintenance  prob- 
ably has  a  more  injurious  effect  when  the  soil  of  the 
oil-earth  mat  is  a  silt  or  silt  loam,  as  this  type  of  soil 


does  not  possess  appreciable  cohesion  and  is  relatively 
open  and  porous. 

The  other  method,  that  of  shaving  the  treated 
surface  and  filling  the  depressions,  invariably  resulted 
in  considerable  scabbing  of  the  surface  and  the  material 
deposited  in  the  depressions  lacked  the  binding  proper- 
ties necessary  to  prevent  its  being  whipped  out  by  traffic. 

Not  only  was  the  life  of  the  roads  maintained  in  this 
manner  shortened,  but  the  surfaces  were  dusty  during 
dry  weather  and  portions  of  their  length  became  muddy 
during;  wet  weather. 


THE  1930  OILING  PROGRAM 


The  work  and  observations  outlined  in  this  report 
gave  indications  of  possible  improvements  in  the  treat- 
ing of  earth  roads  with  oil.  This  resulted  in  a  further 
revision  of  practice  in  oiling  earth  roads,  together  with 
some  changes  in  the  road  oil  specifications  during  the 
1930  season. 

The  1930  oiling  program  consisted  of  surface  treating 
287  miles  of  roads.  Of  this  total  mileage  143  miles 
were  re-treated  and  144  miles  received  original  treat- 
ment. In  addition  to  this  mileage,  short  experimental 
sections  were  constructed  in  accordance  with  a  mixed- 
in-place  method,  which  involved  the  mixing  of  oil  with 
river  sand,  bank  sand,  and  natural  soils. 

As  regard  the  specifications,  a  ductility  requirement 
of  over  20  centimeters  for  the  100  penetration  residue 
was  included  in  the  requirements  of  specification  A  of 
Table  2.  This  change  resulted  in  obtaining  an  oil  with 
an  average  ductility  of  about  30  centimeters.  This  oil 
was  a  topped  residual  of  Arkansas  crude  with  a  semi- 
asphaltic  base.  The  bulk  of  the  oil  applied,  about  80 
per  cent,  conforms  to  specification  B.  This  corre- 
sponds to  oil  No.  3  in  Table  3,  a  cracking-process 
residual  of  general  mid-continent  crude,  having  a 
ductility  of  more  than  100  centimeters  for  100  penetra- 
tion residue.  The  revised  specifications  required  oil  of 
both  types  to  have  a  higher  viscosity  than  formerly, 
averaging  around  16,  a  greater  amount  of  100-penetra- 
tion  residue,  between  55  and  70  per  cent,  and  allowed 
for  as  much  as  10  per  cent  loss  after  five  hours  at  163°  C. 

ORIGINAL  TREATMENT  AND  RE-TREATMENT  DESCRIBED 

The  preparation  of  the  road  surface  for  the  reception 
of  the  oil  continued  to  be  a  function  of  the  various  local 
maintenance  forces,  and  the  fact  that  those  responsible 
appreciated  the  importance  of  surface  preparation  and 
the  other  conclusions  and  indications  contained  in  this 
report  was  very  apparent,  and  to  a  considerable  extent 
is  reflected  in  the  superior  results  obtained. 

Earth-oiling  practice  in  1930  as  compared  with  that 
of  previous  years  included  better  surface  drainage  of 
both  roadway  and  side  ditches  and  more  uniform  cross- 
section,  free  from  depressions.  In  the  case  of  original 
treatment,  road  surfaces  were  prepared  so  that  final 
preparation  was  completed  immediately  before  the 
initial  application  of  oil.  The  temperature  of  the  oil 
at  the  time  of  application  was  controlled  to  prevent 
run-off  on  steep  grades.  The  entire  width  of  roadway 
was  treated  on  those  sections  composed  of  loess  soil 
lacking  sufficient  clay  to  resist  erosion. 

The  quantity  of  oil  on  sections  given  original  treat- 
ment was  increased  from  three-fourths  gallon  per  square 
yard  to  1  gallon.  This  increase  was  decided  upon  be- 
cause previous  observations  had  indicated  that  the 
slightly  inferior  results  obtained  on  soils  deficient  in 
cohesion  was  in  a  great  measure  due  to  their  relatively 


greater  porosity,  which  permitted  the  penetration  oj 
the  oil  to  such  a  depth  that  the  quantity  of  oil  was 
insufficient  to  bind  adequately  the  particles  of  soil  in- 
cluded within  the  penetration  horizon. 

The  quantity  of  oil  per  square  yard  for  re-treatment 
varied  according  to  the  general  conditions  of  the  surface 
soon  after  the  final  spring  thaw.  Some  sections  were 
re- treated  with  one-half  gallon  per  square  yard  or  slightly 
less,  while  other  sections  which  were  almost  completely 
unserviceable  were  scarified,  bladed,  and  re-treated, 
using  1  gallon  per  square  yard. 

The  number  of  applications  and  quantity  of  each 
application  varied  in  relation  to  the  total  quantity  to 
be  applied.  Distributions  of  three-fourths  gallon  or 
more  per  square  yard  were  made  in  three  applications;. 
first  application,  four  to  six  tenths  gallon  per  square 
yard;  second  and  third  application,  two  to  three  tenths 
gallon  per  square  yard  each.  Distributions  of  less  than 
three-fourths  and  more  than  four-tenths  gallon  per  square 
yard  were  made  in  two  applications,  the  quantity  of 
each  application  being  designated  by  the  engineer. 
Distributions  of  less  than  four-tenths  gallon  per  square 
yard  were  made  in  one  application. 

PREPARATION  FOR  RETREATMENT  VARIED  ACCORDING  TO  NEEDS 

The  preparation  of  the  surface  for  additional  oil 
varied  from  a  light  disking  and  dragging  to  complete 
scarification  of  the  previously  treated  oil  surface.  In 
the  northwestern  section  of  the  State  a  considerable 
mileage  of  road  surfaces  was  prepared  by  a  light  planing 
of  the  surface,  the  loose  material  thus  obtained  being 
utilized  in  eradicating  pits  and  other  surface  depressions. 

The  object  of  this  method  was  to  facilitate  the  pene- 
tration of  the  new  oil  by  removing  the  glazed  surface 
and  at  the  same  time  reclaiming  as  much  as  possible 
the  compaction,  stability,  and  waterproofing  qualities 
of  the  existing  mat.  This  planing  was  accomplished, 
by  means  of  a  special  disk  planer  followed  by  a  multiple- 
blade  maintainer.  Each  of  these  pieces  of  equipment 
was  so  constructed  that  the  cutting  depth  could  be 
accurately  controlled.  The  number  of  trips  necessary 
to  prepare  the  surface  depended  upon  the  type  and  con- 
dition of  the  existing  surface  as  well  as  upon  the  skill 
of  the  operator.  Care  was  taken  that  the  bond  between 
the  existing  oil  mat  and  the  underlying  soil  was  not 
destroyed.  The  preparation  of  the  old  surfaces  for 
retreatment,  either  by  light  harrowing  or  disk  planer,, 
both  followed  by  a  multiple-blade  maintainer  to  correct 
irregularities  in  the  surface,  almost  immediately 
developed  the  fact  that,  if  the  road  thus  prepared  were 
subjected  to  the  kneading  action  of  traffic  during  a 
series  of  warm  days,  the  oil  would  freshen  and  reassimi- 
late  the  loosened  material,  furnishing  a  smooth  surface  in 
excellent  condition  for  retreatment.  Figure  9  shows  the 
disk  planer  and  multiple-blade  maintainer  in  operation. 
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Figure  9. — Preparation*  for  Retreatment:  Tractor  Hauling  Special  Dlsk  Planer  and  Multiple-Blade  Maintainer 


Five  experimental  sections  were  designed  in  order  to 
study  the  feasibility  of  mixing  oil  in  place  with  sand  or 
soils.  These  sections  involved  three  variations  in  the 
type  of  oil  used,  and  three  different  classes  of  material 
were  treated.  The  processing  consisted  of  blading  the 
subgrade  to  a  depth  of  from  2  to  4  inches,  leaving  the 
loosened  material  in  a  windrow  on  the  shoulder,  applying 
a  primary  coat  of  one-half  gallon  per  square  yard  to  the 
subgrade,  blading  the  loosened  material  back  and  forth, 
applying  oil  at  the  rate  of  one-half  gallon  per  square 
yard  three  or  four  times,  and  continuing  the  blading 
until  the  whole  mass  had  a  uniform  dark  brown  color. 
The  material  was  then  bladed  to  a  uniform  thickness 
across  the  roadway  and  given  to  traffic  for  compaction. 

The  experimental  sections  are  listed  as  follows: 

Section  A.   Subgrade:  A  residual  soil  from  weathering  of 
of  sandstone;  soil  group  A-3. 
Oil:  Revised  type  No.  3  of  Table  3. 
Section  B.  Subgrade:  A  clavev  silt;  soil  group  A-5. 

Oil:  Revised  type  No.  3  of  Table  3. 
Section  C.  Subgrade:  A  sandy  flood-plain  soil;  soil  group 
A-3. 
Oil:  Type  No.  3  of  Table  3  with  70  per  cent 
residue  and  specific  viscosity  of  30. 
Section  D.  Subgrade:   Pine  river  sand  added  to  clay  sub- 
grade;  soil  group  A-3. 
Oil:  Topped  residual  of  Arkansas  crude. 
Section  E.   Subgrade:  A  silty  clay:  soil  group  A-6. 
Oil:  Topped  residual  of  Arkansas  crude. 

CONDITION  SURVEY  MADE  IN  SPRING  OF  1931 

Following  the  abnormally  mild  winter  of  1930-31 
two  heavy  snowfalls  accompanied  by  freezing  weather 
occurred  during  the  month  of  March.  A  condition 
survey  made  the  first  week  in  April  showed  all  oil- 
treated  earth  roads  on  constructed  grades  to  be  in 
serviceable  condition.  Re-treated  roads  on  which  the 
multiple-disk    planer   had    been    used    preliminary    to 


re-treatment  were  in  excellent  condition,  and  it  is 
felt  that  the  type  of  equipment  used  for  this  prepa- 
ration has  demonstrated  itself  as  especially  adaptable 
for  the  preparation  of  oiled  roads  prior  to  re-treatment. 
On  several  of  the  re-treated  jobs  a  tendency  for  a  mat 
to  form  accompanied  by  corrugation  of  the  mat  was 
noted  indicating  that  one-half  gallon  per  square  yard 
was  an  excessive  application  in  those  cases. 

A  consideration  of  weather  conditions  during  the 
1930  season  develops  something  more  than  coincidence. 
A  general  drought  condition  prevailed.  It  was  noted, 
however,  that  the  portion  of  the  State  in  which  oiling 
of  earth  roads  was  carried  on  could  be  divided  into 
three  fairly  distinct  sections  according  to  the  amount  of 
rainfall.  During  five  months,  May  to  September, 
inclusive,  the  northwestern  section  had  a  rainfall  3.95 
inches  below  normal.  The  rainfall  in  the  north-central 
section  was  6.59  inches  below  normal  and  in  the  west- 
central  section  it  was  7.92  inches  below  normal.  With- 
out exception  the  oiled  roads  in  the  section  having  the 
nearest  to  normal  rainfall  were  markedly  superior  to 
those  in  the  other  two  sections. 

The  results  obtained  on  the  mixed-in-place  sections 
indicate  that  a  more  permanent  form  of  surfacing  in 
proportion  to  the  extra  cost  involved  in  additional  oil 
and  manipulation  can  be  obtained  by  developing  a 
mixture  as  described.  Little  success  was  had  with  oils 
having  a  residue  of  low  ductility.  No  difference  was 
noted  in  the  results  obtained  from  the  55  per  cent  and 
the  70  per  cent  residue.  Lack  of  ductility  in  the  oil 
residue  does  not  show  up  as  a  weakness  in  the  oil  when 
mixed  with  clay  or  clayey  silts. 

Figure  10  shows  the  condition,  in  the  spring  of  1931, 
of  a  section  consisting  of  9-foot  concrete  on  one  side 
and  an  oiled  road  on  the  other. 
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CONCLUSIONS  DRAWN  FROM  INVESTIGATION 


1.  Road  oil  of  the  types  included  in  this  study  is  an 
efficient  material  for  use  in  the  treatment  of  earth  sur- 
faces to  provide  all-weather  roads  provided  applications 
are  made  to  suitable  surfaces,  adequately  drained,  and 
repeated  as  needed. 

2.  The  type  of  oil,  as  regards  basic  crude  source,  is  not  a 
major  factor,  all  types  yielding  fairly  satisfactory  results 
with  all  types  of  soils,  other  conditions  being  favorable. 


Figure  10. — Nine-Foot  Concrete  Road  on  One  Side, 
Oiled  Earth  Road  on  the  Other.  Photograph 
Taken  in  Spring  op  1931 

3.  Adequate  drainage,  both  subsurface  and  surface, 
is  essential  to  the  satisfactory  service  of  oiled  earth 
surfaces.  Adequate  drainage,  on  flat  topography,  re- 
quires greater  crown  than  ordinarily  constructed  on 
graded  earth  sections. 

4.  General  profile  is  not  a  factor  affecting  the  service 
of  oiled  earth  surfaces  except  as  it  may  influence  the 
efficiency  of  drainage  and  the  character  of  the  subgrade 
material. 

5.  To  reduce  the  effects  of  erosion  onnoncohesive  types 
of  soils,  oil  should  be  applied  on  the  full  width  of  roadway. 

6.  All  types  of  soil  included  in  this  study  can  be 
efficiently  treated  with  road  oil. 

7.  The  soil  type  is  an  effective  factor  because  of  the 
physical  characteristics  of  the  various  soil  layers  exposed 
to  the  application  of  oil.  The  physical  characteristics 
of  the  subgrade  soils  affect  the  final  results  according  to 
whether  the  soils  require  only  the,  water-proofing  quali- 
ties of  the  oil  or  in  addition  require  an  increase  in  their 
cohesive  properties.  The  condition  of  the  surface  with 
respect  to  dust,  hardness  of  crust,  and  moisture  content 
at  the  time  of  application  of  the  oil  is  directly  reflected 
in  the  physical  characteristics  of  the  soils.  The  uniform- 
ity of  penetration  is  controlled  by  the  uniformity,  tex- 
ture, and  density  of  the  several  layers  of  a  soil  type. 


8.  Soils  lacking  cohesion  and  inclined  to  absorb 
water  very  readily  in  quantities  sufficient  to  cause  rapid 
loss  of  stability  (represented  in  this  study  by  A-4 
suhgrades),  may  be  more  effectively  treated  with  oils 
having  ductile  and  cohesive  bases.  Soils  which  possess 
cohesion  in  a  high  degree  and  which,  when  in  a  stiff 
or  plastic  state,  do  not  absorb  additional  water  unless 
manipulated  (represented  in  this  study  by  A-6  soils), 
do  not  require  treatment  with  oils  having  cohesive 
bases,  as  waterproofing  without  binding  will  insure 
fairly  satisfactory  results.  Soils  which  possess  prop- 
erties from  each  of  the  groups  mentioned  above  but 
can  not  be  placed  definitely  in  either  one  may  give 
better  results  if  the  quantity  of  oil  applied  is  increased. 

9.  The  character  of  the  surface  immediately  prior  to 
application  of  the  oil  is  of  major  importance.  Surfaces 
to  which  oil  is  to  be  applied  should  be  fairly  free  from 
dust  and  should  have  pore  spaces  open  to  receive  the  oil. 
Final  preparation  of  surface  for  treating  should  consist 
of  blading  to  eliminate  all  dust,  crust,  and  depressions 
of  the  road  surface,  rather  than  the  movement  of  loosen- 
ed material  to  obtain  uniform  cross-section.  A  uni- 
formly smooth  surface  to  insure  uniform  distribution 
of  traffic  over  the  entire  roadway  is  essential  for  proper 
development  of  the  surface. 

10.  The  presence  of  sufficient  moisture  in  the  surface 
is  essential  in  order  that  the  pore  spaces  be  kept  open 
and  free  to  receive  the  oil.  Surfaces  free  from  moisture 
tend  to  become  dusty  and  hardened,  causing  non- 
uniform and  selective  penetration. 

11.  Weather  conditions  are  a  factor  to  the  extent 
that  they  may  influence  the  moisture  content  of  the 
surface,  the  rate  of  penetration,  and  the  quantity  of 
oil,  if  loss  occurs  due  to  rainfall  immediately  following 
application. 

12.  Within  the  ranges  observed  in  this  study  there 
did  not  seem  to  be  any  significant  effect  of  air  tempera- 
tures except  that  they  might  have  served  to  speed  or 
retard  changes  in  the  moisture  content  of  the  soil. 

13.  There  was  no  apparent  benefit  obtained  by 
raising  the  temperature  of  the  oil  for  application  above 
that  required  for  uniform  distribution.  Increasing  the 
temperature  of  the  oil  increased  the  tendency  to  flow 
along  or  from  the  surface  by  decreasing  the  viscosity  of 
the  oil  and  was  detrimental  rather  than  beneficial. 

14.  A  retarded  rate  of  penetration  tends  to  improve 
the  uniformity  of  distribution  of  the  oil  thereby  pro- 
moting the  intimate  mixture  of  oil  and  soil  particles 
which  is  desired.  Nonuniform  penetration,  which 
usually  accompanied  a  rapid  rate  of  penetration,  failed 
to  produce  the  results  desired. 

15.  The  presence  of  untreated  earth  surfaces  adjacent 
to  oiled  earth  surfaces  reduces  to  a  varying  extent  the 
effectiveness  of  oiled  surfaces  particularly  if  the 
untreated  surfaces  are  manipulated,  as  the  untreated 
earth  tends  to  deaden  the  treated  surfaces. 

16.  Nonmutilative  traffic  is  highly  beneficial  to 
oiled  earth  surfaces  as  such  traffic  tends  to  knead  the 
oil  into  intimate  contact  with  the  soil  particles.  This 
intimate  association  is  a  primary  requisite  for  successful 
treatment  of  earth  with  oil. 

17.  Mutilative  traffic  seriously  impairs  the  service 
rendered.  Such  traffic  should  be  prevented  or  mini- 
mized to  the  extent  possible. 

18.  Dragging  or  blading  of  a  good  oiled  earth  surface 
is  harmful.  When  reshaping  is  necessary  a  re-treatment 
must  be  given  to  restore  the  oiled  surface. 


THE  ACTION  OF  SULPHATE  WATER  ON  CONCRETE1 

RECENT  TESTS  OF  SPECIMENS  IMMERSED  IN  MEDICINE  LAKE,  S.  DAK. 

Reported  by  DALTON  G.  MILLER,  Senior  Drainage  Engineer,  United  States  BureaiTof  Public  Roads,  and  PHILIP  W.  MANSON,  Division  of  Agricultura 
Engineering,  University  of  Minnesota  Agricultural  Experiment  Station,  and  Minnesota  State  Department  of  Drainage  and  Waters 

TESTS  of  many  cylinders  stored  in  Medicine  Lake 
have  been  made  since  those  reported  in  Public 
Roads  of  October,  1925,2  and  November,  1927.3 
The  new  tests  include  some  at  3  and  5  years  of  cylinders 
from  the  earlier  series  and  1  and  3  year  tests  of  cylinders 
installed  in  the  lake  since  1927.  The  number  of 
cylinders  that  have  been  made  for  the  Medicine  Lake 
experiments  now  totals  well  in  excess  of  20,000,  of  which 
more  than  9,000  have  been  actually  stored  in  the  lake 
for  time  periods  up  to  seven  years,  and  nearly  11,000 
stored  in  fresh  water  in  the  laboratory  for  comparison 
tests  up  to  five  years. 

These  experiments  were  designed  principally  to  aid 
in  the  general  improvement  of  farm  drain  tile  and  par- 
ticularly to  develop  tile  that  will  endure  under  the  wide 
range  of  soil  conditions  peculiar  to  Minnesota.  The 
results  are  applicable,  however,  to  many  other  sections 
of  the  United  States  and  to  concrete  culvert,  water, 
and  sewer  pipe  exposed  to  the  action  of  sulphate  soils 
and  waters  similar  to  those  to  which  drain  tile  are 
subjected. 


MEDICINE  LAKE 

Medicine  Lake  is  a  body  of  clear  alkali  water  located 
18  miles  northwest  of  Watertown,  S.  Dak.  Since  it 
has  stretches  of  gravel  beach,  conditions  for  installing 
and  examining  field  specimens  are  almost  ideal. 
Analyses  of  water  samples  collected  at  different  seasons 
of  the  year  have  shown  a  total  salt  content  that  ranges 
between  2.34  and  4.72  per  cent,  consisting  almost  en- 
tirely of  the  sulphates  of  magnesium  and  sodium.  An 
average  of  four  analyses  taken  December  10,  1923, 
February  14,  1924,  April  29,  1924,  and  July  1,  1925, 
is  given  in  Table  1 .  Medicine  Lake  freezes  over  during 
winter  months,  but  all  cylinders  of  these  experiments 
have  been  installed  at  depths  well  below  any  frost 
action,  as  it  was  not  desired  to  introduce  this  variable. 

Table   1. — Average  of  four  analyses  of  water  from  Medicine  Lake, 

S.  Dak.1 

RADICALS 


Na 
(Calc) 

Ca 

Mg 

N03 

CI 

SOt 

CO3 

HCO3 

Total 

MILLIGRAMS  PER  LITER  (PARTS  PER  1,000,000) 

3,030 

717         5,079               1     |       509       27,021     |          88 

313 

36,  764 

PERCENTAGE  REACTING  VALUES 

10.38 

2.93         36.09     |     0.01          1.01     1     48.22           0.30 

0.46 

100.  00 

1  Analyses  by  the  water  and  beverage  laboratory,  Bureau  of  Chemistry  and  Soils, 
U.  S.  Department  of  Agriculture. 

CONCRETE  TEST  CYLINDERS  USED 

Two  by  four  inch  cylinders  have  mostly  been  used  for 
a  number  of  reasons,  among  which  is  the  fact  that  the 
2-inch  diameter  roughly  approximated  the  thickness  of 

1  University  of  Minnesota  Paper  No.  1012,  Journal  Series.  This  paper  is  a  report 
of  progress  of  experiments  at  University  Farm,  St.  Paul,  Minn.,  in  the  drain  tile 
laboratory  conducted  by  the  department  of  agriculture  of  the  University  of  Minne- 
sota, the  department  of  drainage  and  waters  of  the  State  of  Minnesota,  and  the 
U.  S.  Department  of  Agriculture. 

2  The  Action  of  Sulphate  Warer  on  Concrete,  Public  Roarls,  vol.  6,  No.  8, 
October  1925,  p.  174. 

'  The  action  of  Sulphate  Water  on  Concrete,  Public  Roads,  vol.  8,  No.  9, 
November,  1927,  p.  203. 
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the  walls  of  many  of  the  tile  used  in  public  ditches  of 
Minnesota  and  other  States  of  the  Middle  West. 
Special  attention  is  directed  to  the  fact  that  these 
cylinders,  while  small,  have  been  for  the  most  part  made 
of  concrete,  not  mortar,  although  in  none  have  there 
been  used  pebbles  coarser  than  three-eighths  inch. 
The  aggregate  passed  all  standard  physical  tests  and 
was  separated  into  screen  sizes  and  recombined  to  pro- 
duce a  fineness  modulus  of  4.67. 

The  cylinders,  with  some  exceptions,  were  made  in 
batches  of  nine,  of  a  1 :  3  mix,  with  a  relative  consistency 
of  1.00,  and  a  water-cement  ratio  averaging  about  0.62. 
They  were  cured  the  first  24  hours  in  a  moist  closet  at 
room  temperatures.  Such  mortar  cylinders  as  were 
made  of  standard  Ottawa  sand  fairly  well  represent 
very  poorly  graded  aggregate  such  as  is  too  frequently 
used  in  smaller  size  tile. 

No  attempt  has  been  made  in  this  work  to  show  the 
direct  influence  of  aggregate  grading,  water-cement 
ratio,  rpiantity  of  cement  in  the  mix,  and  those  other 
factors  well  recognized  as  greatly  affecting  the  28-day 
strength.  Instead  a  1 :  3  concrete  with  the  highest  unit 
strength  and  lowest  absorption  obtainable  for  the  partic- 
ular aggregate,  within  the  limits  of  grading  permissible 
for  2  by  4  inch  cylinders,  was  adopted  as  the  laboratory 
standard.  It  was  assumed  that,  for  any  given  set  of 
conditions,  concrete  with  the  highest  28-day  strength  is 
most  resistant  to  disintegration  and,  therefore, that  com- 
parative tests  to  show  the  influence  of  a  single  variable, 
using  this  type  of  concrete,  would  give  the  most  con- 
sistent results  possible. 

Results  of  all  tests  are  recorded  in  Table  2;  and  in 
order  to  group  properly  the  essential  data  for  convenient 
study,  they  have  been  divided  into  six  parts,  as  follows: 

Part  1. — Curing  in  water  vapor  or  steam  between  tem- 
peratures of  100°  and  350°  F. 
Part  2. — Portland  cements  from  different  mills 
Part  3. — Special  cements  other  than  high  alumina 
Part  4. — High  alumina  cements 
Part  5. — Surface  treatment  or  impregnation 
Part  6. — Admixtures. 

A  few  series  naturally  fell  under  more  than  one  head- 
ing and  have  been  so  listed.  In  the  following  pages  the 
results  of  these  six  studies  are  discussed. 

CURING  IN   WATER   VAPOR   EFFECTIVE   AT  HIGH   TEMPERATURES 

A  total  of  5,850  cylinders  in  130  series  were  cured 
in  water  vapor  or  steam  at  temperatures  of  100°,  155°, 
190°,  212°,  230°,  260°,  285°,  315°,  and  350°  F.  for  time 
periods,  at  most  temperatures,  ranging  between  45 
minutes  and  eight  days.  The  data  obtained  from  15 
series  cured  in  air  and  water  only  are  also  given  in  Table 
2,  Part  1,  for  purposes  of  comparison.  One-year  tests 
have  now  been  completed  for  all  145  series  and  5-year 
tests  have  been  completed  for  83  of  them.  The  only 
series  in  which  5-year  tests  have  not  been  made  are 
those  cured  at  temperatures  of  315°  and  350°  F. 

A  number  of  points  of  interest  have  developed  as  a 
result  of  this  phase  of  the  work,  many  of  which  have 
been  previously  discussed  4  in  detail  and  will  not  be 


<  Strength  and  Resistance  to  Sulphate  Waters  of  Concrete  Cured  in  Water  Vapor 
at  Temperatures  Between  100  and  350°  F.,  by  Dalton  G.  Miller,  Proceedings,  Am.. 
Soc.  Testing  Mats.  vol.  30,  Part  II,  1930,  p.  636. 
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repeated  here.  It  was  noted,  among  other  things,  that 
7-day  compression  test  results  of  cylinders  cured  at  a 
temperature  of  315°  F.  were  somewhat  more  erratic 
than  were  those  for  cylinders  cured  at  other  temperatures 
between  100°  and  350°  F.  It  is  not  yet  possible  to 
formulate  an  opinion  as  to  the  significance  of  this 
phenomenon  as  related  to  the  resistance  to  disintegra- 
tion of  concrete  in  the  presence  of  sulphate  waters,  for 
the  reason  that  tests  of  cylinders  at  these  higher  temp- 
eratures have  been  made  only  after  one  year's  exposure. 
Study  of  the  data  of  Part  1,  Table  2,  shows  that  the 
greatest  range  hi  strength  ratio  values  at  one  year  was 
given  by  the  cylinders  cured  at  315°  F.  in  series  841-849 


Neat  cement  briquet  cured  12  days  in  water  at  room  temperature 

!•>  IT 


Neat  cement  briquet  cured  24  hours  in  steam  at  212°  F. 

Figure  1. — Photomicrographs  of  Neat  Cement  Briquets 
Showing  Physical  Changes  Resulting  from  Different 
Conditions  of  Curing.  Note  That  Hydration  Has  Been 
Much  More  Nearly  Complete  in  the  Steam-Cured 
Briquet 

but,  regardless  of  this,  the  following  general  conclusions 
have  been  drawn,  based  on  the  tests  to  date. 

1.  Curing  in  water  vapor  at  temperatures  between 
100°  and  190°  F.  did  not  generally  increase  resistance 
of  concrete  to  the  action  of  sulphate  waters ;  on  the  con- 
trary, in  some  cases  a  decrease  was  indicated.  An 
exception  to  this  occurred  where  certain  admixtures 
were  used,  as  later  discussed. 

2.  Curing  concrete  in  water  vapor  at  temperatures 
of  212°  F.  and  upward  markedly  increased  resistance  to 
the  action  of  sulphate  waters  with  the  data  definitely 
indicating  increase  of  resistance  with  increase  of  curing 
temperatures  between  212°  and  285°  F.  for  a  12-hour 
curing  period. 

3.  Curing  concrete  in  water  vapor  at  212°  F.  has 
been  more  effective  in  developing  resistance  to  the 
action  of  sulphate  waters  when  continued  for  six  days 
than  when  continued  but  two  days. 

55690—31 3 


Neaf  cement  briquet  cured  12  days  in  water  at  room  temperature 


Neat  cement  briquet  cured  24  hours  in  steam  at  212°  F. 
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Neat  cement  cylinder  stored  8  years  in  water 

Figure  2. — Photomicrographs  of  Neat  Cement  Specimens 
Showing  Physical  Changes  Resulting  From  Different 
Conditions  of  Curing.  Note  That  Hydration  Has  Been 
Least  Complete  in  the  12-Day  Water  Cured  Briquet 
and  About  Equally  Complete  in  the  24-Hour  Steam- 
Cured  Briquet  and  the  8-Year  Water-Cured  Cylinder 

4.  Until  more  5-year  tests  are  completed  for  speci- 
mens cured  at  the  higher  temperatures  it  is  not  possible 
at  this  time  closely  to  correlate  curing  temperatures 
and  lengths  of  curing  period  with  resistance  to  sidphate 
waters  of  concrete  cured  in  water  vapor  at  all  tempera- 
tures between  100°  and  350°  F.  It  is  significant, 
though,  to  note  that  for  temperatures  between  100° 
and  285°  F.  those  specimens  cured  at  the  highest 
temperatures  and  for  the  longest  periods  have  made  the 
most  favorable  showings. 

5.  Regardless  of  whatever  chemical  or  physical 
changes  in  Portland  cement  increase  resistance,  fol- 
lowing curing  in  water  vapor  at  temperatures  of  212°  F. 
and  upward,  hydration  of  the  cement  grains  is  very 
greatly  accelerated.  This  fact  is  well  illustrated  in 
Figures  1  and  2  by  the  photomicrographs  of  thin  sec- 
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tions  of  specimens  in  which  it  may  be  seen  that  the 
steam-cured  cement  grains  are  greatly  altered  and  re- 
duced in  size,  within  a  few  hours,  to  a  degree  only 
approached  in  the  water-cured  specimens  after  seven 
years,  as  shown  in  Figure  2.  Portland  cement  I  of 
Part  2,  Table  2,  was  used  in  the  briquets  of  Figure  1 
while  equal  parts  of  cements  A  and  B  were  used  in  the 
specimens  of  Figure  2.  Figures  3  and  4  indicate  the 
(rend  of  results  faun  this  part  of  the  investigation. 

SUPERIORITY  OF  CERTAIN  CEMENTS  INDICATED  BY  RESULTS  FROM 
DIFFERENT  MILLS 

There  were  5,400  cylinders  in  120  series  in  which 
were  used  standard  Portland  cements  from  34  different 
mills.  One-year  tests  have  been  completed  for  all  120 
series  and  5-year  tests  have  been  made  for  76  series, 
including  73  series  that  have  completely  failed  at  five 
years.  Giving  due  weight  to  those  cylinders  that  have 
disintegrated,  and  considering  such  compression  tests 
as  have  been  made,  conclusions  relative  to  this  group 
may  be  stated  as  follows: 

1.  Enough  difference  exists  in  the  resistance  of 
cylinders  of  standard  Portland  cements  from  different 
mills  to  justify  specifying  particular  cements  for  con- 
crete that  must  withstand  such  conditions  and  also  to 
warrant  further  investigation  regarding  the  constitu- 
tion and  manufacture  of  the  cements  found  best  quali- 
fied to  withstand  alkali  action.  The  marked  differences 
in  resistance  of  these  cements  are  evidenced  by  appear- 
ances of  the  cylinders  at  all  ages,  by  such  3  and  5  year 
compression  tests  as  have  been  made,  and  by  actual 
comparative  strength  ratios  at  one  year. 

2.  The  resistance  of  (afferent  lots  of  cement  from  any 
plant  is  fairly  constant. 

Figure  5  illustrates  the  variations  in  resistant  prop- 
erties of  cements  from  different  mills. 

SPECIAL  CEMENTS  SHOW  LITTLE  SUPERIORITY  OVER  STANDARD 

BRANDS 

Eighteen  hundred  cylinders  fall  into  this  group  of  40 
scries  in  which  were  used  12  special  cements,  and,  for 
comparison  tests,  6  standard  Portland  cements. 
These  cements  include  the  five  high  early  strength 
cements  listed  as  D,  E,  F,  H,  and  I,  each  of  the  last 
four  of  which  was  tested  parallel  with  its  companion 
Portland  cement  AA,  BB,  CC,  and  I,  in  the  order 
named;  the  special  cement  G,  which  is  Portland  cement 
X  specially  factory  treated  for  waterproofing  qualities; 
cement  B,  a  reground  Portland  cement;  cement  C, 
which  is  the  same  as  B  with  an  addition  of  a  carborun- 
drum  preparation  added  during  regrinding;  cements 
Al,  A2,  and  A3,  which  are  standard  Portland  cements 
to  which  has  been  added  during  the  grinding  process 
gypsum  treated  with  tannic  acid,  of  which  A2  is  stand- 
ard Portland  cement  Y,  treated;  and  special  cement  X, 
which  is  an  imported  mason's  cement  containing  about 
30  per  cent  of  diatomaceous  silica  mixed  with  the 
cement  clinker  before  grinding. 

None  of  the  12  special  cements  forming  the  basis  of 
Part  3,  Table  2  have  shown  sufficient  increased  resist- 
ance to  warrant  specifying  them  for  concrete  to  be 
exposed  to  the  action  of  sulphate  water.  Although  it 
is  doubtful,  completion  of  the  5-year  tests  may  possibly 
make  necessary  a  revision  of  this  statement.  The  results 
of  tests  with  special  cements  are  shown  in  Figure  6. 

HIGH  ALUMINA  CEMENTS  SHOW  REMARKABLY  HIGH  RESISTANCE 

One  American  and  two  French  manufactured  high 
alumina  cements  were  used  in  the  experiments  for  which 


were  made  2,520  concrete  and  Ottawa  sand  cylinders  in 
56  series,  covering  a  rather  wide  range  of  curing  condi- 
tions, a  number  of  mixes,  and  combinations  in  different 
proportions  with  standard  Portland  cement.  One-year, 
3-year,  and  5-year  compression  tests  have  been  com- 
pleted for  cylinders  from  all  56  series. 

These  tests  have  developed  the  surprising  fact  that, 
excepting  for  the  1:5  mix  standard  Ottawa  sand  cylin- 
ders of  series  280  and  292,  the  very  wet  mixed  cylinders 
of  series  400,  and  the  cylinders  of  series  435,  436,  and 
437,  in  which  were  used  combinations  of  high  alumina 
and  standard  Portland  cement,  the  high  alumina  ce- 
ment cylinders  in  Medicine  Lake  generally  had  higher 
compressive  strength  at  one  year  than  did  the  check 
cylinders  stored  in  tap  water  in  the  laboratory.  At  five 
years  the  difference  in  favor  of  the  Medicine  Lake  C3din- 
ders  was  even  more  pronounced  than  at  one  year  as 
shown  by  strength  ratios  of  151  per  cent,  or  greater,  for 
the  cylinders  of  24  series  and  of  191  per  cent  or  greater 
for  the  cylinders  of  six  series,  with  a  high  value  of  272 
per  cent  for  the  cylinders  of  one  series.  These  high 
strength  ratios  are  not  the  result  of  abnormally  high 
compression  tests  of  the  Medicine  Lake  cylinders  at  one 
and  five  years,  but  are  due  to  the  fact  that  while  the 
Medicine  Lake  cylinders  increased  in  strength  following 
the  28-day  tests,  the  check  cylinders  stored  in  the  tap 
water  in  the  laboratory  decreased  in  strength.  No 
completely  satisfactory  explanation  can  be  offered  for 
this.  It  is  known,  however,  that  the  reaction  to  tem- 
perature of  high  alumina  cement  is  considerably  differ- 
ent from  that  of  standard  Portland  cement;  and  it  is 
entirely  probable  that  the  comparatively  low  tempera- 
ture of  the  water  of  Medicine  Lake  has  afforded  condi- 
tions more  favorable  for  high  alumina  cement  concrete 
than  has  the  warmer  tap  water  in  the  laboratory 
tank.  The  following  facts,  brought  out  by  collateral 
tests  conducted  by  the  laboratory  tend  to  support  this 
view. 

(a)  High  alumina  cement  cylinders  buried  4  to  5  feet 
deep  in  neutral  soils  have  consistently  increased  in 
strength  up  to  five  years,  with  no  tests  yet  available  for 
longer  periods. 

(b)  High  alumina  cement  cylinders  stored  in  the 
laboratory  in  1  per  cent  solutions  of  sodium  sulphate 
have  shown  no  tendency  to  test  stronger  at  any  age 
than  check  cylinders  stored  in  tap  water  in  the  same 
room. 

(c)  High  alumina  cement  cylinders  stored  in  tap 
water  in  the  laboratory  have,  in  several  instances,  in- 
creased in  volume,  as  measured,  as  much  as  0.6  of  1  per 
cent.  Portland  cement  cylinders  under  identical  stor- 
age conditions  have  rarely  increased  in  volume  as  much 
as  0.1  of  1  per  cent,  and  where,  following  storage  in  sul- 
phate solutions,  they  have  increased  in  volume  as  much 
as  0.6  of  1  per  cent  the  compressive  strength  has  been 
only  about  50  per  cent  of  normal. 

The  general  behavior  of  the  high  alumina  cement  cyl- 
inders stored  in  Medicine  Lake  after  periods  of  exposure 
up  to  6)2  years,  are  briefly  summarized  in  the  following 
paragraph.  It  should  be  noted  that  none  of  these  cyl- 
inders have  been  exposed  to  frost  action,  to  alternate1 
wetting  and  drying,  or  to  other  than  very  mild  tempera- 
tures during  the  most  of  the  year.  Experience  has 
shown  that  the  performance  of  concrete  made  with  high 
alumina  cement  depends  to  a  marked  degree  on  the 
curing  of  the  concrete,  and  it  should  be  noted  that 
these  specimens  were  carefully  cured. 
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High  alumina  cement  cylinders  stored  in  the  sulphate 
water  of  Medicine  Lake  have  displayed  remarkable  re- 
sistance to  disintegration  as  indicated  by  compression 
tests  up  to  five  years  and  by  visual  appearance  up  to 
six  and  one-half  years.  So  pronounced  has  been  this 
resistance  that  cylinders  from  34  series  of  a  total  of  53 
series  made  with  only  high  alumina  cement  showed 
higher  crushing  strength  after  live  years  in  the  lake 
than  they  did  at  one  year,  while  the  loss  of  strength 
was  less  than  9  per  cent  for  10  of  the  remaining  19  series. 
Of  the  other  9,  the  cylinders  of  series  142,  147,  and  156, 
which  had  no  air  hardening  previous  to  exposure, 
showed  respective  strength  losses  of  10,  15,  and  12  per- 
cent; those  of  series  291  o!  1:5  concrete  showed  a  loss  of 
strength  of  22  per  cent;  those  of  series  254-255  of  1 : 3 
standard  Ottawa  sand  mortar  showed  a  strength  loss  of 
27  per  cent.  Cylinders  oi  series  280,  292,  and  400  were 
the  only  ones  that  have  shown  any  appreciable  visual 
evidence  of  deleterious  action.  Cylinders  of  series  280 
and  292  were  lean-mixed,  1 :  5  mortar  of  standard  Ottawa 
sand  with  high  water  cement  ratios,  and  failed  the  first 
year.  The  very  wet  mixed  1 : 3  concrete  cylinders  of 
series  400  gave  a  fairly  satisfactory  3-year  test,  although 
some  of  the  cylinders  were  then  showing  considerable 
action.  It  is  evident  from  these  results  that,  within  the 
limits  of  exposure  represented  by  Medicine  Lake,  the 
behavior  of  high  alumina  cement  has,  to  date,  very 
nearly  approached  the  ideal.  Figures  7  and  8  show  the 
excellent  results  obtained  with  this  material. 

SURFACE   TREATMENT   OR   IMPREGNATION   GIVES   FAIR    RESULTS 

Comparatively  few  tests  are  listed  under  this  heading 
as  this  group  consists  of  but  810  cylinders  in  18  series, 
of  which  5  are  untreated  series  included  for  purposes  of 
comparison.  Experiments  were  conducted  with  but 
the  four  products,  Inertol,  linseed  oil,  McEverlast,  and 
sulphur.  One-year  tests  have  been  completed  for  all 
18  series,  3-year  tests  for  11  series,  and  5-year  tests  for 
6  series.  On  the  basis  of  these  limited  data  the  results 
are  very  generally  summarized  as  follows : 

1.  Inertol-tested  Medicine  Lake  cylinders  gave  86 
per  cent  of  normal  strength  at  5  years.  It  is  evident 
that  Inertol  has  appreciably  retarded  deterioration  of 
the  concrete. 

2.  Linseed  oil  treated  Medicine  Lake  cylinders  of' 4 
series  averaged  97  per  cent  normal  strength  at  one 
year  and  were  95  per  cent  as  strong  at  three  years  as 
at  one  year. 

3.  McEverlast-coated  Medicine  Lake  cylinders  of  6 
series  averaged  93  per  cent  of  normal  strength  at  one 
year. 

4.  The  sulphur  treatment  accorded  the  cylinders  of 
series  294  gave  negative  results  as  the  treated  cylinders 
failed  more  quickly  than  did  the  untreated  ones  of 
series  293. 

The  results  obtained  with  surface-treated  or  im- 
pregnated cylinders  are  shown  in  Figure  9. 

SOME  ADMIXTURES  SHOW  SLIGHT  POSITIVE  EFFECT 

This  is  the  third  largest  of  the  six  groups  of  cylinders 
discussed  in  this  report  and  under  this  heading  are  the 
records  of  5,031  cylinders  in  120  series,  of  which  26  are 
series  in  which  no  admixture  was  used,  included  for 
purposes  of  comparison.  In  the  remaining  94  series  the 
following  19  admixtures  were  used:  Alkagel  A,  barium 
chloride,  Barnsdall  Admix,  blast  furnace  slag,  Cal, 
calcium  chloride,  Celite,  Colloy,  Earthcrete,  powdered 
fuel  ash,  Ironite,  kerosene,  Medusa  Waterproofing,  oil, 
Omicron,  sulphur,  Trass,  Truscon,  and  volcanic  ash. 


Each  admixture  was  added  to  the  batch  as  an  extra 
ingredient,  and,  when  necessary,  the  quantity  of  mixing 
water  was  increased  to  produce  the  desired  workability. 
The  amount  of  admixture  used  is  expressed,  in  all 
cases,  as  a  percentage  of  the  dry  weight  of  the  cement. 
The  relatively  high  temperatures  of  100°,  155°,  and 
212°  F.  were  introduced  in  the  curing  of  cylinders  of 
certain  admixture  groups,  and,  in  view  of  some  of  the 
interesting  developments,  it  is  regretted  that  all  these 
temperatures  were  not  used  with  each  of  the  ad- 
mixtures as,  generally  speaking,  admixtures  in  normally 
cured  concrete  have  not  been  particularly  encouraging. 

Most  of  the  admixtures,  except  as  the  quantities 
became  excessive,  did  not  greatly  influence  the  com- 
pressive strength  and  absorption  of  the  concrete, 
although  the  four  admixtures,  kerosene,  Medusa 
Waterproofing,  oil,  and  Truscon  Waterproofing  Paste 
very  definitely  reduced  absorption.  It  is  not  yet 
known  as  to  what  effect  on  resistance  to  disintegration 
this  reduction  in  absorption  has  had  in  the  case  of  the 
kerosene  and  oil-mixed  concretes;  but  the  data  of 
Table  2,  Part  6  relating  to  the  other  two  products 
clearly  show  that  lowering  the  absorption  of  concrete 
does  not,  in  itself,  necessarily  increase  resistance  Id 
the  sulphates  of  sodium  and  magnesium. 

In  considering  the  results  obtained  with  admixtures 
it  is  well  to  keep  in  mind  that  in  all  cases  the  Portland 
cement  used  was  a  combination  of  two  brands,  neither 
of  which  had  displayed  a  high  degree  of  resistance  to 
the  sulphates  of  magnesium  and  sodium.  It  is  believed 
the  test  results  are  truly  comparable  for  the  different 
admixtures  but  it  is  admittedly  possible  that  using  a 
more  resistant  cement  might  have  better  emphasized 
any  merit,  if  slight,  actually  possessed  by  a  particular 
product.  In  other  words,  starting  with  a  resistant 
cement,  anything  that  increased  resistance  of  the  con- 
crete might  have  displayed  considerable  better  net 
value  than  the  same  treatment  accorded  concrete  in 
which  was  used  a  cement  of  low  resistance.  There 
follows  a  brief  summary  of  results  obtained  with  each 
admixture. 

1 .  Alkagel  A  is  the  trade  name  of  a  colloidal  paste  of 
copper  and  iron  soaps,  together  with  paraffin,  which 
smells  strongly  of  ammonia  and  loses  81  per  cent  of 
its  weight  on  drying.  Under  the  condition  of  these 
tests  this  product  proved  valueless. 

2.  Barium  chloride  was  without  value  when  6  per 
cent  was  used;  and  12  per  cent  was  only  of  slight  value. 

3.  Barnsdall  Admix  is  described  as  a  "pure,  finely 
ground,  meta-colloidal  Tripoli  silica. "  According  to 
published  analyses  it  is  about  97  per  cent  silica.  It 
was  used  in  quantities  varying  from  3.75  to  30  per 
cent  and  in  1:3,  1:2:3,  and  1:2:4  concretes.  Two 
aggregates  and  three  brands  of  Portland  cement  were 
used  in  these  experiments.  This  material  does  not 
appear  to  have  appreciably  influenced  the  resistance  of 
any  of  the  specimens  in  which  it  was  used,  as  indicated 
by  tests  at  one  year. 

4.  Blast  furnace  slag  ground,  screened  and  recom- 
bined  in  proportions  of  one  part  passing  the  No.  100, 
and  retained  on  the  No.  200  sieve,  and  five  parts  passing 
the  No.  200  sieve,  slightly  increased  resistance  when  10 
per  cent  was  used,  and  gave  nominally  better  results 
when  40  per  cent  was  used,  in  normally  cured  cyclinders. 
The  cylinders  of  series  161  cured  48  hours  at  155°  F. 
in  which  was  used  40  per  cent  of  blast  furnace  slag, 
tested  48  per  cent  of  normal  strength  at  five  years. 
These  were  the  only  cylinders  of  this  group  that  showed 
real  improvement. 
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5.  Cal  is  a  material  obtained  by  pulverizing  the  dried 
or  undried  product  resulting  from  a  mixture  of  either 
quicklime  or  hydrated  lime,  calcium  chloride,  and 
water.5  Additions  of  4  or  8  per  cent  to  cylinders 
normally  cured  slightly  increased  resistance  with  little 
in  favor  of  8  per  cent.  Additions  of  4  and  8  per  cent 
to  cylinders  cured  at  155°  F.  markedly  increased 
resistance,  giving  5-year  strength  ratios  of  82  and  93 
per  cent,  respectively. 

6.  Calcium  chloride  gave  substantially  the  same  re- 
sults as  did  Cal,  except  that  4  per  cent  made  slightly 
better  showings  than  did  8  per  cent.  Additions  of  4 
and  8  per  cent  to  cylinders  cured  at  155°  F.  gave  5-year 
strength  ratios  of  84  and  82  per  cent,  respectively. 

7.  Celite  is  a  diatomaceous  silica  that  did  not  appre- 
ciably increase  the  resistance  of  any  of  the  cylinders  in 
which  it  was  used. 

8.  Colloyisafine  grained  siliceous  material  containing 
about  30  per  cent  alumina.  It  did  not  appreciably  increase 
the  resistance  of  any  of  the  cylinders  in  which  it  was  used. 

9.  Earthcrete  is  a  powder  that,  used  in  proportions  of 
0.27  and  1.06  per  cent,  did  not  appreciably  increase  the 
resistance  of  any  of  the  cylinders  in  which  it  was  used. 

10.  Powdered  fuel  ash  used  in  the  proportion  of  2%, 
5,  and  10  per  cent  did  not  increase  the  resistance  of  any 
of  the  cylinders  in  which  it  was  used. 

1 1 .  Ironite  is  the  trade  name  for  a  finely  ground  prod- 
uct of  heavy  unit  weight,  consisting  largely  of  iron  and 
iron  oxide  with  some  ammonium  chloride.  Twenty 
per  cent  of  it  appreciably  increased  the  resistance  of 
three  series  of  cylinders  in  which  it  was  used.  A 
strength  ratio  of  27  per  cent  at  five  years  was  obtained 
for  normal  curing  conditions,  87  per  cent  when  cured  at 
100°  F.,  and  94  per  cent  when  cured  at  155°  F. 

12.  Kerosene  used  in  quantities  of  1,  2,  4,  and  8  per 
cent  appreciably  reduced  absorption  of  the  cylinders; 
but,  in  proportions  under  8  per  cent,  it  had  slight  effect 
on  the  28-day  strength.  Use  of  8  per  cent  decreased 
the  strength.  Its  effect  on  resistance  to  disintegration 
has  not  yet  been  determined. 

13.  Medusa  Waterproofing,  a  powdered  product  used 
in  proportions  of  1,2,  and  4  per  cent,  has  not  increased 
resistance,  if  the  tests  at  one  year  may  be  taken  as 
conclusive.  This  is  true  in  spite  of  the  fact  that  absorp- 
tion of  the  cylinders  decreased  as  the  quantity  of  the 
admixture  was  increased. 

14.  Medium  grade  automobile  oil,  used  in  quantities 
of  1,  2,  4,  and  8  per  cent,  greatly  reduced  absorption  of 
the  cylinders,  but,  in  proportions  under  8  per  cent,  it 
had  slight  effect  on  the  28-day  strength.  Use  of  8  per 
cent  decreased  the  strength.  Its  effect  on  resistance  to 
distintegration  has  not  yet  been  determined. 

15.  Omicron,  a  powdered  product  used  in  propor- 
tions of  3.75  and  7.5  per  cent,  did  not  appreciably 
increase  resistance.  When  used  in  proportions  of  15 
and  30  per  cent  it  made  fairly  favorable  showings  at 
one  year  with  strength  ratios  of  62  and  89  per  cent, 
respectively,  although  these  cylinders  show  considerable 
action.     (See  fig.  12,  left.) 

16.  Sulphur  used  in  proportion  of  10  per  cent  gave 
negative  results. 

17.  Trass  is  a  fine  silicous  material  of  volcanic  origin, 
containing  some  20  per  cent  alumina  which,  added 
in  proportions  of  33  and  66  per  cent  to  cylinders  mixed 
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1:3,  1:4,  and  1 :  5,  somewhat  retarded  disintegration  as 
indicated  by  tests  at  one,  three,  and  five  years. 

18.  Truscon  Waterproofing  Paste,  concentrated, 
added  in  proportions  of  1,  2,  and  4  per  cent,  did  not 
appreciably  increase  the  resistance  of  any  of  the  cylin- 
ders in  which  it  was  used,  although  absorption  of  the 
cylinders  decreased  as  the  quantity  of  the  admixture 
was  increased.  Those  cylinders  with  4  per  cent  of 
Truscon  had  an  absorption  only  59  per  cent  that  of 
cylinders  without  any  admixture. 

19.  Volcanic  ash  from  west-central  Nebraska  added 
in  proportion  of  20  per  cent  did  not  appreciably  increase 
the  resistance  of  those  cylinders  normally  cured.  The 
results  were  only  slightly  more  favorable  for  the  cyl- 
inders cured  at  temperatures  of  100°  and  155Q  F. 

Figures  10,  11,  and  12  illustrate  the  results  obtained 
from  the  use  of  the  various  admixtures. 

RESULTS  OF  INVESTIGATION  SUMMARIZED 

The  essentials  of  the  foregoing  conclusions  as  to  the 
influence  of  the  various  factors  considered,  on  the  re- 
sistance of  concrete  to  the  sulphate  water  of  Medicine 
Lake,  are  condensed  into  the  following  statements: 

1.  Resistance  has  been  markedly  increased  by  curing 
in  water  vapor  at  temperatures  of  212°  F.  and  upward, 
almost  to  the  point  of  immunity  to  action  for  the  most 
favorable  temperatures  and  curing  periods. 

2.  Enough  difference  exists  in  the  resistance  of  stand- 
ard Portland  cements  from  different  mills  to  justify 
specifying  particular  cements  for  concrete  to  be  sub- 
jected to  these  special  conditions  of  exposure. 

3.  Special  cements,  other  than  high  alumina,  have 
been  of  little  or  no  value. 

4.  Within  the  limits  of  exposure  conditions  repre- 
sented by  these  tests,  the  behavior  of  high  alumina 
cement  has  to  date  very  nearly  approached  the  ideal. 

5.  From  the  results  of  tests  up  to  three  years  it 
appears  that  surface  treatments  of  linseed  oil  have 
been  of  considerable  value,  with  indications  that  later 
tests  may  be  less  favorable.  The  Interol  treatment 
was  of  appreciable  value  up  to  five  years.  The  Mc- 
Everlast  treatment  showed  up  favorably  at  one  year, 
but  displayed  surface  indications  of  less  favorable 
results  at  three  years  and  later. 

6.  Only  the  four  admixtures,  Cal,  calcium  chloride, 
Ironite,  and  Trass,  appreciably  retarded  action  on  nor- 
mally cured  concrete,  and  these  to  very  limited  de- 
grees. The  use,  however,  of  Cal,  calcium  chloride,  and 
Ironite  in  cylinders  cured  48  hours  in  water  vapor  at 
temperatures  of  155°  F.  increased  resistance  to  such  a 
degree  that  at  five  years  cylinders  containing  8  per 
cent  of  Cal  had  93  per  cent  normal  strength,  those 
containing  4  per  cent  calcium  cldoride  had  84  per  cent, 
and  those  containing  20  per  cent  Ironite  had  94  per 
cent.  Cylinders  of  the  latter  type  cured  at  100°  F. 
had  87  per  cent  of  normal  strength  at  five  years.  Some 
benefit  was  also  noted  by  curing  at  100°  and  155°  F. 
cylinders  containing  20  per  cent  of  volcanic  ash.  Ap- 
preciably increased  resistance  following  curing  at  tem- 
peratures of  100°  and  155°  F.  has  only  been  noted  in 
the  cylinders  containing  these  admixtures.  This  sug- 
gests the  practical  possibility  of  a  combination  of 
certain  admixtures  and  moderately  high  curing  tem- 
peratures for  concrete  products  to  be  subjected  to  the 
action  of  sulphate  waters. 
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Cylinders  cured  in  steam  at  212°  F. 
and  one-half  years  in  lake 


after  six  Cylinders  cured  in  water  vapor  at  155°  F.,  after  six 
and  one-half  years  in  lake.  Series  98, 100  and  101 
received  additional  curing  in  steam  at  212°  F. 


Cylinders  cured  in  water  vapor  at  155°  F.,  after  six 
and  one-half  years  in  lake.  Series  103, 105  and 
106 received  additional  curing  in  steam  at  212°  F. 


Figure  3. — Cylinders  of  Various  Series  Cured  in  Water  Vapor  or  Steam,  After  Six  and  One-Half  Years  in  Lake. 
All  the  Cylinders  in  Any  Vertical  Row  Are  of  the  Same  Series  and  the  Series  Numberis  Shown  at  the  Top 


Ottawa  sand  mortar  cylinders  cured  in  water 
vapor  at  155°  F.,  after  six  and  one-half  years  in 
lake.  Series  108,  110,  and  111  received  addi- 
tional curing  in  steam  at  212°  F. 


Ottawa  sand  mortar  cylinders  cured  as  follows, 
after  four  years  in  lake: 
Series  112.— Moist  closet,  24  hours,  tap  water 

27  days 
Series  113.— Moist  closet,  72  hours,  air  25  days 
Series  114. — Moist  closet,  24  hours,  water  va- 
por at  100°  F.,  48  hours,  air  25 days 
Series  115.— Moist  closet,  24  hours,  water  va- 
por at  155°  F.,  48  hours,  air  25  days 
Series  116.— Moist  closet,  24  hours,  steam  at 
212°  F.,  48  hours,  air  25  days 


Cylinders  cured  in  water  vapor  or  steam  for  !2 
hours  at  the  following  temperatures,  aftei  fivi 
years  in  lake: 

Series  351— 190°  F. 

Series  352.-212°  F. 

Series  353.-235°  F. 

Scries  354.-260°  F. 

Series  355.    ?nr>°  F. 


Figure  4. — Cylinders  Illustrating  the  Effects  of  Curing  in  Water  Vapor  and  Steam 
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i  'ylimlers  made  from  different  brands  of  stand-  Cylinders  made  from  different  brands  of  standard  Cylinders  made  from  different  brands  of  stand- 
ard Portland  cement,  after  five  and  one-half  Portland  cement  and  cured  in  distilled  water  20  ard  Portland  cement  and  cured  in  distilled 
years  in  lake                                                              days,  air  35  days,  after  three  years  in  lake  water  20  days,  air  35  days,  after  two  years 

in  lake 


421      422.    423     424     425 


429       430  431      432     433 


664     665     666    667     668 
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Neat  cement  cylinders  made  from  different 
brands  of  standard  Portland  cement,  after  four 
years  in  lake 


%JBa£&.^'; 

£?/m\ 

■k&w.  ii  1  mn 

Series  129,  neat  cement  cylinders  made  from 
high  alumina  cement  B;  series  430-433,  con- 
crete cylinders  made  from  different  brands  of 
Portland  cement,  after  four  years  in  lake 


Cylinders  of  different  brands  of  standard  Port- 
land cement  cured  in  distilled  water  20  days, 
after  three  years  in  lake 


I  i'. i  re  5.     Comparison  of  Cylinders  Made  From  Different  Brands  of  Portland  Cement 
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554     555     556    557     558 


719       720     721      722      723 


760      76!      762     763     764     765 


Cylinders  made  up  as  follows,  after  three        Cylinders  made  up  in  following  proportions  by        Cylinders  of  series  761,  763,  and  765  made  from  standard 


years  in  lake:  volume,  after  three  years  in  lake:  Series  719 — 

Series  554— One-half  Portland  A,  one-half  1:0.94;    series  720—1:1.88;  series  721—1:1.88; 

Portland  B  series  722—1:2.82;  series  723—1:4.70 

Series  555  and  557.— Portland  Y 
Series  556  and  558.— Special  A2 


Portland  cement;  series  760,  762,  and  764  made  from 
special  cements  from  the  same  mills,  respectively. 
After  one  and  one-half  years  in  lake 


573   574  575  576  577 


724   725   726   727   72 


Series  559,  560,  and  562,  sand  cylinders  made  from  Scries  573  and  574  made  from  special  cemeuls; 
standard  Portland  cement;  series  561  and  563,  sand  series  575  to  577  made   from  standard  Port- 
cylinders  made  from  special  cement  A2.    After  land  cements.    After  three  years  in  lake 
two  years  in  lake 


Ottawa  sand  mortar  cylinders  made  with 
special  cement  X  in  following  proportions  bj 
volume,  after  three  years  in  lake:  Series 
724—1:0.94;  series  725—1:1.88;  sciies  726— 
1 :  1 .88;  series  727— 1: 2.82;  series  728—1:4.70 


Figure  6. — Results  Obtained  With  Cylinders  Made  From  Special  Cements  Other  Than  High  Alumina 
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52      153      154       155      156 


Ottawa  sand  m 

alumina  come 

years  in  lake: 

Series  142. — 

Series  143. — 

Series  144. — 

Series  145. — 

Scries  146.— 

in    ■,  cured  as  follows,  after  six 

Distilled  water,  27  days 
Moist  air,  72  hrs. 
Water  vapor  at  100°  F.,  48  hrs. 
Water  vapor  at  155°  F.,  48  hrs. 
Steam  at  212°  F.,  48  hrs. 


.-yhnders  nut'li-  from  high  annum  i  © 
cured  as  follows,  after  six  years  iQ  lake: 
Series  147. — Distilled  water,  27  days 
Series  148.— Moist  air,  72  hour-; 
Series  149.— Water  vapor  at  100°  F., 
Series  150.— Water  vapor  at  155°  F., 
Series  151—  Steam  at  212°  F.,  48  hrs 


A,        Cylinders  made  from  high  alumina  cement  A, 
cured  as  follows,  after  six  years  in  lake: 
Series  152. — Distilled  water  20  days,  dry  air 
344  days 
48  hrs.  Series  153. — Distilled  water  20  days,  dry  air 

48  hrs.  56  days 

Series  154.— Distilled  water  20  days,  drv  air 

28  days 
Series  155.— Distilled  water  20  days,  dry  air 

14  days 
Series  156.— Distilled  water  20  days 


252    253    254     255 


276    277     278     279      280 


286      287     288    289      290 


Cylinders  made  from  high  alumina  cement  C.aftc 
five  and  one-half  years  in  lake 


Ottawa  sand  mortar  cylinders  made  from  high 
alumina  cement  B  in  following  proportions  by 
volume,  after  five  years  in  lake:  Series  276—1:  2; 
series  277—1:3;  series  278—1:3;  series  279—  1:  4; 
series  280—1:  5 


1  !j  linders  made  from  high  alumina  cement  B 
in  following  proportions  by  volume  after  five 
years  in  lake:  Series  286—1:  2;  series  287— 
1:  3;  series  288—1:  3;  series  289—1:  4;  series 
290     1:5 


Figure  7.     Results  Obtained  With  Cylinders  Made  From  Hk;h  Alumina  Cements 
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396  397  398  399  400      434  435  436  437  438 


Cylinders  made  up  as  follows,  after  Ave  years 
in  lake: 
Series  291. — High  alumina  C,  1:5  concrete 
Series  292. — High  alumina  C,  1:5  mortar 
Series  293. — Portland  cement  mortar 
Series  294. — Portland  cement   mortar,  sul 

phur  impregnated 
Series  295. — Portland  cement  mortar,  10  per 
cent  sulphur  admixed 


Cylinders  made  from  high  alumina  cement  B 
with  various  consistencies,   as  follows,  after 
five  years  in  lake: 
Series  396. — Relative  consistency  0.75,  water 

ratio  0.44 
Series  397. — Relative  consistency  0.90  water 

ratio  0.53 
Series  398. — Relative  consistency  1.00,  water 

ratio  0.59 
Series  399. — Relative  consistencv  1.25,  water 

ratio  0.73 
Series  400. — Relative  consistency  1.50,  water 
ratio  0.88 


Cylinders  using  a  mixture  of  Portland  cement 
and  high  alumina  cement  B  in  the  following 
proportions,  after  four  years  in  lake: 
Series  434.— 100  per  cent  Portland 
Series  435. — 5  per  cent  high  alumina  B;  95  per 

cent  Portland 
Series  436.— 1U  per  cent  high  alumina  B;  90 

per  cent  Portland 
Series  437. — 20  per  cent  high  alumina  B;  80 

per  cent.  Portland 
Series  438.— 100  per  cent  high  alumina  B 


Figure  8. — Various  Comparisons  Showing  Favorable  Results  Obtained  With  High  Alumina  Cements 


550  551  552  553 


976  977  978  979  980 


1IEJEJ6JE1 


Series  371  to  373,  concrete  cylinders  made  from 
standard  Portland  cement;  series  374  and  375, 
concrete  and  mortar  cylinders,  respectively, 
treated  with  Inertol.  After  four  and  one-half 
years  in  lake 


Cylinders  with  McEverlast  protective  coatings, 
after  one  year  in  lake 


Cylinders  surface-treated  as  follows,  after  three 
and  one-half  years  in  lake: 
Series  549.— Boiling  water  H-minute 
Series  550. — Linseed  oil,  70°  F.,  H-minute 

(1  coat) 
Series  551.— Linseed  oil,  70°  F.,  J^-minute 

(2  coats) 
Series  552.— Linseed  oil,  225°  F.,  M-minute 

(1  coat) 
Series  553.— Linseed  oil,  225°  F.,  H-minute 
(2  coats) 

Figure  9. — Results  Obtained  from  Surface-treated  or  Impregnated  Cylinders 
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167       168     169      170       171 


Cylinders  with  blast  furnace  slag  admixed  in  fol- 
lowing proportions,  after  five  years  in  lake: 
Series  157. — 40  per  cent 
Series  158. — 10  per  cent 
Series  159. — 40  per  cent 
Series  160.— 10  per  cent  (cured  in  water  vapor 

at  155°  F.,  48  hrs.) 
Series  161. — 40  per  cent  (cured  in  water  vapor 
at  155°  F.,  4S  hrs.) 


Cylinders  with  calcium  chloride  admixed  in  fol- 
lowing proportions,  after  six  years  in  lake: 
Series  162. — 4  per  cent 
Series  163.— 8  per  cent 
Series  164. — 4  per  cent 
Series  165. — 8  per  cent  (cured  in  water  vapor 

at  155°  F.,  48  hrs.) 
Series  166. — 4  per  cent  (cured  in  water  vapor 
at  155°  F.,  48  hrs.) 


Cylinders  with  Cal  admixed  and  cured  as  fol- 
lows, after  six  years  in  lake: 
Series  167.— 4  per  cent 
Series  168.— 8  per  cent 
Series  169. — 4  per  cent 
Series  170.— 8  per  cent  (cured  in  water  vapor 

at  155°  F.,  48  hrs.) 
Series  171.— 4  per  cent  (cured  in  water  vapor 
at  155°  F.,  48  hrs.) 


172      173     174-     175       176 


Cylinders  with  Ironite  admixed  in  following  pro- 
portions, after  six  years  in  hike: 
Series  172.— No  admixture 
Series  173.— 20  per  cent 
Series  174.— No  admixture   (cured   in  water 

vapor  at  155°  F.,  4S  hrs  ) 
Series  175.— 20  per  cent  (cured  in  water  vapor 

at  155°  F.,  48  hrs.) 
Series  176. — 20  per  cent  (cured  in  water  vapor 

at  100°  F.,48  hrs.) 


Cylinders  with  volcanic  ash  admixedin  following 
proportions,  after  six  years  in  lake: 
Series  177.— No  admixture 
Series  178.— 20  per  cent 
Series  179.— No  admixture  (cured  in  water 

vapor  at  155°  F.,  48  hrs.) 
Series  180.— 20  per  cent  (cured  in  water  vapor 

at  155°  F.,48  hrs.) 
Series  181.— 20  per  cent  (cured  in  water  vapor 

at  100°  F.,  48  hrs.) 


Cj  linders  with  Alkagel  "A"  admixed  in  following 
proportions,  after  five  years  in  lake: 
Series  182.— No  admixture 
Series  183.— 3  per  cent 
Series  184.— No  admixture    (cured   in   water 

vapor  at  155°  F.,  48  hrs.) 
Series  185.— 3  per  cent  (cured  in  water  vapor 

at  155°  F.,  48  hrs.) 
Series  186.— 3  per  cent  (cured  in  water  vapor 

at  100°  F.,  48  hrs.) 


Figure   10.— Results  Obtained  by  the  Use  of  Various  Admixtures 
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391       392       393      394-     395 


412      413      414      415       416 


564    565    566    567     568 


Cylinders  with  Trass  admixed  as  follows,  after 
four  and  one-half  years  in  lake: 
Series  391.— No  admixture 
Series  392.-33  per  cent 
Series  393.-66  per  cent 
Series  391.— 33  per  cent 
Series  395. — 66  per  cent 


Cylinders  of  Series -112,  2'  '2  per  cent  Celite  admixed; 
cylinders  of  Series  413  to  416  made  from  different 
brands  of  standard  Portland  cement.  After  three 
years  in  lake 


Cylinders  with  powdered  fuel  ash  admixed 
as  follows,  after  three  years  in  lake: 
Series  564  and  565. — 2.5  per  cent 
Series  566.-5  per  cent 
Series  567  and  568.— 10  per  cent 


Cylinders  with  Truscon  and  BaClj  admixed  as 
follows,  after  three  years  in  lake: 
Series  578. — 1  per  cent  Truscon 
Series  579. — 2  per  cent  Truscon 
Series  580. — 4  per  cent  Truscon 
Series  581.— 6  per  cent  BaCls 
Series  582.— 12  per  cent  BaCl2 


Cylinders  madefroui  special  cement  D  and  cylinders 

with  Earthcrete  admixed,  after  three  years  in  lake: 

Series  714.— Special  cement  D,  distilled  water 

20  days,  air  35  days 
Series  715.— Portland  cement,  distilled  water  20 

days,  air  35  days 
Series  716.— Portland   cement,   0.27    per   cent 

Earthcrete,  distilled  water  20  days,  air  35  days 
Series  717.— Portland   cement,    1.06    per   cent 

Earthcrete,  distilled  water  20  days,  air  35  days 
Series  718.— Portland   cement,   0.27    per   cent 

Earthcrete,  water  vapor  at  155°   F.,48   hrs., 

air  53  days 


Cylinders  of  Series  767  and  769  we.re  made  from 
standard  Portland  cement.  Series  766  and  768 
were  made  from  special  cements  from  the  same 
respective  mills.  Series  770  contained  a  2  per 
cent  admixture  of  Medusa  waterproofing.  After 
one  and  one-half  years  in  lake 


Figure   11. — Results  Obtained  by  the  Use  of  Various  Admixtures 
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Cylinders  with  Omicron,    admixed    as    follows, 
after  one  and  one-half  years  in  lake: 
Series  771.— No  admixture 
Series  772.-3.75  per  cent 
Series  773.-7.5  per  cent 
Series  774.— 15  per  cent 
Series  775.— 30  per  cent 


■-"U   'I., 


Cylinders  with  Colloy  and  Medusa  waterproofing 
admixed  as  follows,  after  one  and 
one-half  years  in  lake: 
Series  776. — No  admixture 
Series  777.-2  per  cent  Colloy 
Series  778. — 4  per  cent  Colloy 
Series  779.— 1  per  cent  Medusa  waterproofing 
Series  780.— 4  per  cent  Medusa  waterproofing 


Cylinders  with   Barnsdall  admixed  as   follows, 
after  one  year  in  lake: 
Series  822.— No  admixture 
Series  823.-3.75  per  cent 
Series  824.-7.5  per  cent 
Series  825. — 15  per  cent 
Series  826.— 30  per  cent 


Figure   12. — Results  Obtained  by  the  Use  of  Various  Admixtures 

Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 

parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks 

[Unless  otherwise  noted  the  fineness  modulus  of  aggregate  is  4.67  and  the  mix  is  1:3.    Each  test  result,  with  a  few  exceptions,  is  an  average  of  five  cylinders  made 

on  different  days] 

Part  1— CURING  IN  WATER  VAPOR  OR  STEAM  BETWEEN  TEMPERATURES  OF  100°  AND  365°  F. 


Cement 
labora- 
tory 
No. 

Cement 

Water 
ratio 

Curing  method 

Ab- 
sorp- 
tion 
at  21 
days 

Average  of  compression  tests 

Time 

in 
moist 
closet 

Time 

in 
water 

Time 

in 
water 
vapor 

or 
steam 

Tem- 
pera- 
ture of 
water 
vapor 

or 
steam 

Time 

in 
air 

Tank  specimens 

Lake 

specimens 

Series 
No. 

7  days 

28  days 

1  year 

5  years 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
1  year 

3  years 

5  years 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
5  years 

87 

11 

11 
11 
11 
11 
11 
11 
11 
65 
65 
17 

17 
17 
11 
11 
11 
11 
11 
11 
11 
11 
11,8 
11,8 
17 
17 
18 
18 

Vi  Portland  A,  \<i  Port- 
land B._ 

0.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.60 
.60 

.64 
.64 
.64 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 

Hours 
3 
6 
12 
24 
48 
24 
72 
24 
24 
24 

24 
72 
24 
3 
6 
12 
24 
48 
24 
72 
24 
24 
24 
24 
24 
24 
24 

Days 
27 

Hours 
69 
66 
60 
48 
24 

°F. 
100 
100 
100 
100 
100 

Days 
25 
25 
25 
25 
25 
28 
25 
25 
35 
53 

Per 
cent 
0.6 
6.7 
6.7 
6.7 
6.8 
6.7 
7.0 
6.8 
5.9 
6.2 

10.0 
10.7 
10.1 
6.9 
6.9 
6.7 
6.6 
6.7 
6.7 
7.0 
6.4 
6.3 
6.4 
6.2 
6.1 
6.1 
5.8 

Lbs.  per 
sq.  in. 
3,730 
3, 590 
4,050 
I.DXI 
3,510 
2,620 
3,380 
3,810 
3,150 
3,740 

1,  650 
2,000 
2,270 
3,360 
3,840 
4,440 
4,350 
3,540 
2,620 
3,380 
4,240 
3,900 
4,490 
4,550 
4,910 
4,020 
4,110 

Lbs.  per 
sq.  in. 
4,120 
4,320 
4,680 
4,220 
4,  060 
4,540 
3,560 
4,000 

3,  950 
3,800 

2,  630 
2,000 
2,  790 
4,210 
4,720 
4,960 

4,  550 
4,210 
4,540 
3,560 
4,370 
4,770 
4,  830 
4,  730 
5,180 
4,390 
4,510 

Lbs.  per 
sq.  in. 
5,110 
4,960 
5,270 
5,240 
5,010 
5,690 
5,120 
5,640 
6,  050 
5,970 

3,540 
2,980 
3,040 
5,380 
5,700 
5,250 
6,460 
6,250 
5,690 
5,120 
5,510 
5,  690 
5,410 
5,580 
5,180 
4,  330 
5,210 

Lbs.  per 
sq.  in. 
5,470 
5. 450 
5,200 
6,270 
4,970 
5,  400 
5, 140 
5,910 
5,680 
6,320 

2,790 
2,940 
3,050 

5,  550 
5,620 
5,920 
5,830 

6,  320 
5,400 
5,140 
5,510 
5, 970 
5,990 
5,  960 
5,630 
5,650 
6,460 

Lbs.  per 
sq.  in. 
1,430 
1,370 
1,290 
1,630 
1,  920 
3,780 
3,150 
2,020 
2,250 
4,230 

1,790 

840 

630 

500 

490 

1,  030 

1,220 

1,  660 

3,780 

3,150 

28 
28 
25 
31 
38 
66 
62 
36 
37 
71 

51 
28 
21 
9 
9 
20 
19 
27 
66 
62 

Lbs.  per 
sq.  in. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3,390 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Lbs.  per 
sq.  in. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3,330 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2.740 
1,750 

88 

do 

89 

do 

90 

do 

91 

do 

92 

do _ 

93 

do 

do... 

94 

20 

27 

48 

100 

313 

M 

315 

do 

48 

100 

53- 

i  112 

H  Portland  A,  >A  Port- 
land B . 

1  113 

do 

25 
25 
25 
25 
25 
25 
25 
28 
25 
25 
25 
24 
25 
24 
35 
35 

1  114 

do ._ 

27 

48 
69 
66 
60 
48 
24 

100 
155 
155 
155 
155 
155 

82 

do 

do 

do _ 

do 

do 

do.... 

do 

do 

do 

do 

do 

do 

83 

84 

85 

86 

92 

93 

95 

48 
48 
72 
48 
72 
48 
48 

155 
155 
155 
155 
155 
155 
155 

1, 660               30 
1, 880               33 

97 

99 

1,530 
980 
1,270 
3,910 
3,820 

28 

18 
25 
90 
73 

102 

104 

174 

do 

48- 

179 

do 

2~ 

'  Standard  Ottawa  sand  cylinders. 
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Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 

PartI— CURING  IN  WATER  VAPOR  OR  STEAM  BETWEEN  TEMPERATURES  OF  100°  AND  365°  F  —  Continued 


Series 

No. 


184 

313 

314 

i  107 

i  109 

i  112 

1  113 

1  115 

1  127 

i  129 

351 

391 

77 

78 

79 

80 

81 

92 

96 


100 
101 
103 
105 

106 

296 
297 
298 
299 
300 
301 

302 
303 
304 
305 
306 

307 
308 
309 
310 
311 
313 
352 

391 

584 

585 

586-587 


Cement 
labora- 
tory 
No. 


■635-636 
640 
641 
830 
831 
832 
833 
834 
835 
836 
837 
838 
839 
U08 

1  110 

1  111 

1  112 
'113 
i  116 


65 

05 
17 

17 
17 
17 
17 
17 
17 
74 
74 
11 
11 
11 
11 
11 
11 
11 

11,8 

11,8 

11,8 

17 

17 

17 

61 
63 
62 
33 
34 
61 

35 
37 
39 
41 
61 

40 
42 
55 
60 
65 
65 
74 

74 
139 
139 
139 


Cement 


Vi  Portland  A,  ^Port- 
land B __ 

M. 


.do. 


H  Portland  A,  Yi  Port- 
land B -. 

do - 


do..-. 

do.... 

do.... 

do.... 

do.... 

do.... 

do.... 

do.... 

do.... 

do.... 

do.... 

do..._ 

do.... 

do.... 


.do. 
.do. 
.do. 
.do. 
.do. 


.do. 


do 

Portland  A 

Portland  B 

Portland  D_ 

Portland  C 

H  Portland  A,  H  Port- 
land B... 

Portland  E... 

Portland  F 

Portland  Q 

Portland  H. 

y2  Portland  A,  H>  Port- 
land B 

Portland  I 

Portland  J 

Portland  Kl 

Portland  L 

Portland  M. __ 

do 

H  Portland  A,  y>  Port- 
land B._ -. 

do .-. 

do 

do 

do .-. 


Water 

ratio  [Time 
I    in 
moist 
closet 


139 
139 
139 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 


....do. 
....do. 
....do. 
....do. 
..._do. 
..._do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 


.do. 
.do. 


...do 

...do 

...do 


Curing  method 


0.59 
.  60 
.60 

.64 
.64 
.64 
.64 
.64 
.64 
.64 
.62 
.  62 
.  59 
.59 
.59 
.59 
.59 
.59 
.59 

.59 
.59 
.59 
.59 


.59 

.62 
.60 
.62 
.60 
.67 

.62 
.60 
.60 
.60 


[lours 
24 
24 
24 

24 
24 
24 
72 
24 
24 
24 
24 
24 
3 
6 
12 
24 
48 
21 
21 


Time 


Days 


20 


20 


27 


Time 

in 
water 
vapor 

or 
steam 


Hours 
48 


is 


20 


12 


min. 
min. 


min. 
48 


U4 
3 
6 
12 
24 
48 
96 
192 
24 
24 
48 
24 
24 
48 


48 


Tem- 
pera- 
ture of 
water 
vapor 

or 
steam 


°F. 

155 


155 
155 


155 
155 
155 
190 


212 
212 
212 
212 
212 


212 
155 
212 
155 
212 
155 
212 
155 
212 
155 
212 
155 
212 
212 
212 
212 
212 
212 

212 
212 
212 
212 
212 

212 
212 
212 
212 
212 
212 


212 


212 
212 


212 
212 


212 


Time 


Days 
35 
35 
53 

25 
24 


212 
212 
212 
212 
212 
212 
212 
212 
212 
155 
212 
155 
212 
155 
212 


212 


Ab- 
sorp- 
tion 
at  21 
days 


24 


53 
.-,:: 
53 
53 
53 

53 
53 
53 
53 
53 

53 
53 
53 
53 
53 
53 
35 

54  i 
35 
35 
55 

511 
53 
35 
53 
35 
55 
55 
55 
55 
55 
54 
53 
51 
47 

25 


Per 

cent 
6.0 
5.9 
6.0 


9.6 
10.0 
10.7 
10.1 
9.1 
9.0 
6.6 
6.3 
7.9 
7.2 
6.9 
6.9 
6.7 
6.7 
6.5 

6.7 
6.2 
6.3 
6.0 
6.0 

5.7 

6.5 
6.4 


6.5 
6.2 
6.0 
6.2 
6.1 

6.2 
5.9 
6.4 
6.5 
6.2 
5.5 
5.9 

6.9 
6.3 
6.3 
6.4 


Average  of  compression  tests 


Tank  specimens 


7  days 


28  days 


1  year 


Lbs.  per  Lbs.  per  Lbs.  per 
sg.  in.     sg.  in.     sg.  in. 
4,  070       4,  530  I     5,  100 
3, 150       3, 950  !    6, 050 
4, 460       4,  010  j     6, 170 


6.6 
6.3 
6.5 
6.9 
5.9 
6.9 
7.4 
7.2 
7.0 
7.1 
7.2 
6.6 
6.1 
6.1 


9.5 

9.7 
10.0 
10.7 
10.3 


2,  660 
2,670 
1,650 
2,000 
2,730 
2,530 
2,700 

2,  650 
;;.  130 
1,110 
2,260 
3.400 

3,  060 
2,910 
2.620 
3,770 

4,  180 
4.310 
4,110 
4,600 


5,110 

3,330 
3,  650 
3,  70(1 
3,  690 
3,880 

3,690 
3.540 

3,  550 
3,740 
3,730 

3,280 
3,420 
2,650 
3,260 

3,  260 

4.  660 
3,150 

2.450 
3.130 
3.740 
2.770 


3,080 
3,220 
2,  630 
2,000 
2,900 
2,710 
3,120 
2,940 
4,890 
1,250 
3,040 
4,120 
4,020 
3, 850 
4,540 
4,410 


3,580 
3,  490 
3,  540 
2,980 
3,400 
3,  460 
3,  320 
5,320 
0,  060 
1,250 
3,130 
4,550 
4,600 
4,630 
5.690 
4,560 


4,120  5,020 
4.960  I  5.730 
4, 710       4.  890 


2,970 
3,960 
3,320 
3,590 
3,230 
3.020 
2,590 
2.890 
3.220 
3.570 
3,960 
4,360 
4,330 
5,180 

2,590 
2,600 

2,510 

1,650 
2,000 
2,220 


5,510 
5,  070 

5,900 

3,660 
3,660 

:i,  s:«) 
3,770 
4,540 

3.  610 
3.530 
3,900 
3,920 
3,840 

3,920 
4,150 
3,240 
4,200 
3,870 
5.580 
3,  950 

2,910 
4,890 

5.150 
2,860 


Lbs.  per 
«/.  in. 
6,  110 
5,680 
0,810 

3,  580 
3,580 
2,790 
2.  '.'40 
3, 020 
3,290 
3,230 
6,870 
6,430 
2,810 

5,  900 
6,020 
5,790 

6,  730 
5.400 
5.720 

0,190 
5,750 
6,490 


2,920 
4,330 
4.470 
3,760 
4,720 
2,880 
2,  400 
3,130 
3,470 
3,580 
4,190 
4,670 
4,990 
6,050 
2,910 

3,160 

3,130 

2.630 
2,000 
2,470 


5,290 
4,910 

5,320 

5,020 
4.  0S0 

4,  580 
4.620 
4,910 

4,500 
4,550 

5,  060 
4.990 
4,860 

4,480 
5,090 
4,080 
4.950 

5.  060 
5.810 
6,050 

5,230 

6,  060 
5.  790 
5,430 


5,800 
4,250 
5,800 
4,530 
6,360 
5.740 
5,890 
6,350 
5.730 
5.070 
5,750 
4,860 
5,030 
5,130 
2,930 

2,940 

2,630 
3.540 
2,980 
2,500 


5  years 


Lake  specimens 


1  year 


Lbs.  per 
sg.  in. 
4,240 
2,250 
5,430 

770 
930 
1,790 
840 
860 
2,280 
1,970 
1,  730 
2,480 
1,210 
2,840 
4,410 
4,330 
4,410 
3,780 
4,300 
4,340 

5,  540 

4.640 


Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
1  year 


0,280  i    4,980 
0.  720       5, 220 


6,020 

5,760 
6,  020 
6,  440 
6,330 
6,110 

4,840 
5,040 
4.890 
5.  870 
5,380 

6,570 

5,  850 

5,310 
5,800 

6,  380 
0.740 

6. 070 
6,  130 


5,  250 

4,390 
4,600 
4,480 
4,270 
4,890 

4,480 
4.450 
4.920 
4,680 
4,410 

4,410 
4,190 
3,480 
4,910 
4,460 
5,570 
2,250 

4,240 
2,480 
3, 350 
5,370 


2,880 
2,590 

3,020 

2,790 
2.940 
3,250 


4,400 
4.370 
4,530 
3,740 
3.950 
4,210 
4,610 

4,  510 
4,970 

5,  250 
5,  770 
4.620 
4,210 
4,550 

2,540 
2,720 

2,450 

1,790 

840 

2,430 


97 
95 
94 
106 

99 

88 
98 

98 
92 
99 

100 
98 
97 
94 
91 

98 
82 
74 


3  years 


Lbs.  per 


76 
103 
78 
83 
62 
73 
78 
71 
87 
104 
100 
95 
84 
89 
87 

93 


0 
3,920 

0 
0 
0 
0 
0 


0 

0 

1,  340 

2,930 

4,910 

4.  SCO 

5,340 

0 


Lbs.  per 

xg.  in. 

800 

0 

3,090 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2,  630 

4,120 

5,400 

5, 150 

6,000 

0 

4,930 

5,310 


5,510 
6,000 

5,830 

5.  S40 
4,  900 
4,840 
4.1UO 
5,690 

5,160 

4.  660 
5,920 

5,  000 
4,340 

5,990 
1,990 
4,440 

4,910 

4,720 

5.  420 

0 

3,850 
0 
0 
0 


0 
5,950 

0 
5.360 


3,390 
3,160 

2,820 

0 
0 


5  years 


Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
5  years 


5,S 


,330 


.'.  580 

2,360 

2,320 
0 

0 
2,  460 


94 
70 
90 
89 
89 


102 
82 


4,910 

78 

5,  680 

85 

5,720 

95 

5,950 

103 

5,480 

91 

5,600 

87 

5.900 

93 

5,810 

95 

5,300 

110 

1,640 

92 

5,  17(1 

112 

5,060 

86 

5,100 

95 

5,230 

80 

4,530 

77 

4.  5S0 

86 

4, 900 

86 

5,770 

90 

5,900 

88 

0 

0 

90 
91 

77 


1  Standard  Ottawa  sand  cylinders. 


78 


PUBLIC    ROADS 


Vol.  12,  No.  3 


Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  ta?iks — Continued 

PartI.— CURING  IN  WATER  VAPOR  OR  STEAM  BETWEEN  TEMPERATURES  OF  100°  AND  365°  F.— Continued 


(  emenl 
labora- 
tory- 
No. 

Cement 

Water 
ratio 

Curing  method 

Ab- 
sorp- 
tion 
at  21 
days 

Average  of  compression  tests 

Time 
in 

aoist 

■lliSet 

Time 

in 
water 

Time 

in 
water 
vapor 

or 
steam 

Tem- 
pera- 
ture of 
water 
vapor 

or 
steam 

Time 
in 
air 

Tank  specimens 

Lake  specimens 

Series 
No. 

7  days 

28  days 

1  year 

5  years 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
1  year 

3  years 

5  years 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
5  years 

1128 

17 

17 

17 

74 

74 

219 

219 

219 

219 

219 

222 

222 

225 

232 

232 

232 

71 

74 

219 

219 

219 

219 

219 

222 

222 

225 

232 

232 

232 

74 

74 

97,  98 

86,99 

82,  95 

83 

219 

21 'J 
219 
219 
219 
222 
222 
225 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 
232 

'i  Portland  A,  M  Port- 
laud  B 

0.64 
.64 

.64 

.62 
.62 
.62 
.62 
.62 
.02 
.62 
.62 
.62 
.  62 
.02 
.  62 
.  02 
.62 
.  62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.  62 
.02 
.  62 
.62 
.  62 
.04 
.01 

.67 
.64 

.  02 
.02 
.02 
.  62 
.02 
.  62 
.  62 
.  i.j 
.02 
.  62 
.02 
.02 
.02 
.02 
.02 
.62 
.02 
.02 
.02 
.  62 
.62 
.02 
.02 
.02 
.  62 
.  62 
.02 
.02 
.62 
.62 
.62 

Hours 

24 
24 

24 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

24 
24 
24 
24 
24 
24 
24 
21 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

Days 

20 
20 

20 

20 
20 

20 
20 

20 

20 

20 

20 

Hours 
f      24 
1       24 
f       48 
I       24 
f       21 
I       48 
12 

°F. 
155 
212 
155 
212 
155 
212 
235 

Days 
}    53 

}     52 
}     52 

54 
35 
35 
55 
55 
55 
55 
103 
102 
87 
35 
40 
42 
54 
35 
35 
55 
55 
55 
55 
97 
95 
83 
35 
48 
44 
54 
35 
54 
54 
54 
54 

35 

55 

:.', 

55 

55 
S7 
85 
04 
35 
45 
41 
35 
55 
55 
55 

55 
54 
53 
51 
47 
35 
55 
55 
55 
55 
55 
54 
53 
51 
47 

Per 
cent 

9.1 
9.1 

9.2 

7.3 
0.3 
5.5 
7.0 
6.9 
6  7 
6.6 
6.8 
0.0 
0.  11 
5.7 
6.1 
0.2 
7.1 
6.3 
5.8 
7.4 
7.1 
7.2 
7.0 
6.7 
0.7 
6.6 
5.7 
6.4 
0.6 
7.2 
6.3 
6.0 
6.1 
6.9 
6.5 

5.8 
7.3 
7.2 
7.3 
0.8 
0.5 
6.3 
0.7 
5.7 
6,  5 
6  5 
5.8 
0.9 
0.8 
6.5 
0.8 
0.  5 
6.8 
6.8 
6.6 
6.8 
5.7 
7.3 
7.0 
6.7 
0.8 
6.7 
6.8 
6.5 
0.3 
0.2 

Lbs.  per 

sq.  in. 

2.350 
2,750 

2,630 

1,900 
3,130 
3,620 
2.  000 
1,830 
•J.  ISO 
2,  390 

2.  040 

3,  560 
3,  900 
3,840 
4,480 
3,830 
2,270 
3.  130 
3,450 
1,960 
2.000 
2,170 
2,790 
:;,  inn 
3,480 
3,720 
::  sin 
3,820 
3,260 
2,260 
3,130 
2.960 
3,  650 
3,330 
3,460 

3,740 
1,780 

2.  010 
2,420 
3,080 
3.320 
3.740 

3,  300 
3,840 
3,  550 
3,540 
3.810 
2,010 
2,490 
3,090 
:;,  ;,i;ii 
3,410 
3,180 
3,440 
3,430 
3.  580 
3,840 
1.07(1 

2.  500 
3.210 

3,  110 
3,  280 

3.  830 
3,630 

4,  140 
3,  770 

Lbs.  per 
sq.  in. 

2,480 
2,720 

2,470 

2,  750 
4,890 
4,930 
2.170 
2,190 
2.320 
2,990 
3,200 

3,  250 

4,  050 
6,310 
4,  600 
4,450 
2,490 

1.  Mill 

4,  620 
1,930 

2,130 
2,460 

2.  870 
3,380 
3,810 
3,880 
5,310 
3,810 

3.  690 
2,870 

4.  8(10 
3.  470 
4,150 
3.820 
3,9  i0 

6,260 

1,740 
2,  220 

2,  590 

3,  370 
3,420 

4.  100 
3,600 

5.  31(1 
4,230 
4,300 
5,  050 
2,020 
2,040 
3,030 
3,  900 
3,780 

3,  750 
3,970 

4,  280 
4,  040 
5.310 
1,940 

2.  MIO 

3,  310 
3.540 
3,470 
::.  Mo 
4.710 
4.320 
4,260 

Lbs.  per 
sq.  in. 

2,830 
2,830 

2.600 

4,780 
6.  060 
6.350 
5,530 
5,620 
6,020 

5,  520 
5,260 
4,740 
4,640 
5,540 
4,480 

3,  300 
4,880 

6,  000 
6,110 
5,400 
5,490 
5,090 
5,380 
5,560 
4,620 
3,990 
5,540 
3,460 
3,420 
4,340 
6,000 
3.950 
4,470 
5,530 
.'.  1 10 

."..  790 
5,  240 
G,  550 
5,  560 
5,  800 

4.  940 

4.  540 
3.200 
5,540 
3.  550 
4.270 
6,010 
5,680 

5,  550 
5.  020 
5,  111) 
4,150 
3,440 
3.  160 
3,1  90 

3,  130 
5,  540 
5,  710 
5,950 
5,  610 

4.  300 
3,880 
4,700 
4,580 
1,670 
5,000 

Lbs.  per 
sq.  in. 

3,340 
3,130 

2,940 

5,410 
6,430 

5,570 
6,430 

"" " 

Lbs.  per 
sq.  in. 

3,180 
3,080 

2.560 

3.800 

2,  480 

0 
5,160 
4,530 
4,860 
5,320 
4,990 
4.  520 
4.  300 
4.070 
4,  000 
3.560 

3,  700 
2,480 
1,620 
4,610 
4,990 
5,200 
4,940 
4,630 
4,520 
3,790 
4,070 
3,550 
2.  940 

112 

109 

98 
79 
41 

Lbs.  per 

srj.  in. 

3.970 
0 
0 

Lbs.  per 
sq.  in. 

2,040 

1,740 

1.730 

2,480 
0 
0 

61 

I  130 

do -- 

56 

i  131 
2  353 

do ---- 

do                 

59 
46 

391 

do 

do 

811 

812 

do. ---- 

do                     

m 

3 

0 
12 
L'l 
48 

230 
230 
230 
230 
230 
230 
230 

93 

81 

81 

96 

95 

95 

94 

73 
103 
106 

77 

41 

27 

85 

91 
102 

92 

83 

98 

95 

73 
103 

86 

89 

41 

93 

96 

89 

95 

49 

106 

85 

102 

96 

91 

105 

99 

73 

118 

106 

51 

90 

97 

93 

100 

105 

81 

103 

117 

143 

73 

84 

90 

92 

96 

97 

90- 

105 

97 

86 

813 

814 

do 

do           

815 

820 

do                     

821 

do 

do 

829 

855 

do 

869 

do 

do 

96 

192 

12 

230 
230 
200 

870 

J  354 
391 

do.... -- 

do 

4,160 
0 

3,320 
0 

60 

806 

do --- -- 

do .-- 

do 

do 

807 

3 

6 
12 
24 
48 

260 
260 
200 
200 
200 
200 
260 

808 

809 

810 

do.... 

do 

818 

819 

do 

do 

do 

828 

855 

867 

do 

90 

192 

12 

260 
200 
285 

868 

do 

do     .             

«355 

5,  250       3.  S70 

3,970 
0 
5,000 
5.440 
5,460 
5,510 

4,190 
0 
4,210 
5,440 
5,410 
5,980 

80 

391 

do 

6,430 
4,830 
5,  330 
6,550 
6,520 

2,480 
3.  080 
4,290 
4,930 
4,840 

2,820 
5,570 
5,  500 
5,  050 
5,600 
4,510 
4,750 
3,170 
4,070 
4,190 
4,530 
3, 000 
5,130 
5,390 
5,220 
5,100 
4,340 
2,770 
3,240 
3,620 
4,470 
4,070 
4,790 
5,  350 
5,170 
4,130 
3,  700 
4,220 
4,800 
4,530 
4.310 

430 

Portland  Kl ... 

12 

12 

12 

12 

285 
285 
285 
285 

87 

431 

Portland  I.- 

102 

432 

Portland  C 

83 

433 

Portland  II      

92 

801 

1  •;  Portland  A,  y,  Port- 
land B 

802 

do... ...- 

do 

34 

''. 

3 

A 

24 
48 

285 
285 
285 
285 

285 
285 

803 

804 

do 

805 

do..._ 

do 

816 

S17 

.  do 

827 

do 

855 

.  .  do 

865 

do 

do 

Oil 
192 

285 
285 

866 

»  840 

do 

841 

do 

H 

1>2 

3 
0 
12 

24 
48 
90 
192 

315 
315 
315 
315 
315 
315 
315 
315 
315 

842 

do _._ 

do 

843 

844 

do 

_  do 

845 

846 

do 

847 

do 

do 

848 

849 

do 

«855 

do 

856 

do.... 

do... 

do.. 

m 

3 
6 

12 
24 
48 
90 
192 

350 
350 
350 
350 
350 
350 
350 
350 
350 

857 

858 

859 

do.. 

860 

do.. 

861 

do.. 

do.. 

862 

863 

do.. 

804 

do 

1 

1  Standard  Ottawa  sand  cylinders. 

2  For  all  series  cured  in  steam  at  230°  or  235°  F.  the  gauge  pressure  was  6.1  lbs.  per  sq.  in. 

3  For  all  series  cured  in  steam  at  260°  F.  the  gauge  pressure  was  20.7  lbs.  per  sq.  in. 
*  For  all  series  cured  in  steam  at  285°  F.  the  gauge  pressure  was  38.5  lbs.  per  sq.  in. 
»  For  all  series  cured  in  steam  at  315°  F.  the  gauge  pressure  was  68.7  lbs.  per  sq.  in. 

8  For  all  series  cured  in  steam  at  350°  F.  the  gauge  pressure  was  119.8  lbs.  per  sq.  In. 
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Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  ex-posed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 


Part  2—  PORTLAND  CEMENTS  FROM  DIFFERENT  MILLS 


( lemenl 
labor- 
atory 
No. 


18 
18 
61 
71 
74 
129 
139 
139 
176 
204 
204 
219 
219 
219 
225 
232 
232 
232 
237 
62 
156 
156 
161 
101 
106 
166 
170 
170 
178 
178 
183 
183 
109 
110 
111 
63 
158 
158 
163 
163 
168 
108 
171 
171 
179 
179 
184 
184 
80,  99 
174 
174 
182 
182 
187 
187 
199 
97 
159 
159 
164 
104 
169 
169 
98 
81 
103 
105 
100 
87,88 
84 
34 
82,95 
155 
155 
160 
160 
165 
165 
83 
157 
157 
162 
162 
167 
167 
33 


Cement 


lA  Portland  A, 

.do 

.do 

.do 

.do- 

.do 

.do 


Portland  B. 


_do. 
.do. 
_do- 


.do 

.do 

.do 

do 

.do 

.do 

.do_ 

.do. 

.do 

Portland  Bl. 
.do 


_do. 
.do. 
_do. 
.do. 
_do. 
-do. 
-do. 
.do. 
.do. 
.do. 


..._do 

Portland  B2. 

....do 

Portland  B3. 
Portland  A.. 

do 

do 


.do. 
.do. 
.do. 
.do. 
.do. 
.do. 


do 

do 

do 

do 

Portland  I. 

.-.do 

....do 

.-.do 

.-..do 

....do 


....do. 

....do 

Portland  K2. 

....do 

....do 

....do 

....do. 

—do 

—do- 

Portland  Kl. 
Portland  E._ 
Portland  S.- 
Portland Q2. 
Portland  Ql. 
Portland  P.. 
Portland  L._ 
Portland  C__ 

— do 

....do 

....do 

—do 

....do 

....do 

....do 

Portland  H__ 

....do 

....do 

....do 

..-.do 

....do 

....do 

Portland  D._ 


Water 
ratio 


0.59 
.59 
.59 
.62 
.66 
.64 
.62 
.64 
.62 
.62 
.02 
.62 
.62 
.62 
.62 
.62 
.02 
.62 
.62 
.59 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.64 
.64 
.64 
.69 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.64 
.62 
.62 
.62 
.(2 
.(2 
.02 
.62 
.04 
.62 
.62 
.62 
.62 
.62 
.62 
.64 
.62 
.62 
.62 
.62 
.64 
.64 
.66 
.67 
.66 
.66 
.66 
.06 
.66 
.66 
.02 
.62 
.62 
.62 
.62 
.62 
.62 
.59 


Curing  method 


Time 


moist 
closet 


Hoars 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
21 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
21 
24 
24 
24 
24 
21 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 


Time 

in 
water 


Da  i/s 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 


Time 
in  air 


Days 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 


35 


35 


35 


35 


35 


35 


35 


Absorp- 
tion at 
21  days 

Per  c<  ni 
5.6 
5.9 
5.8 
0.3 
6.4 
6.3 
6.3 
6.5 
5.6 
5.9 
6.2 
5.8 
5.8 
5.5 
5.3 
5.9 
5.8 
5.7 
6.0 
5.8 
6.4 
5.9 
6.2 
5.8 
6.4 
6.8 
5.  8 
5.8 
5.  6 
5.0 
5.  9 
5.7 
5.8 
5.5 
5.7 
5.8 
o.  5 
0.0 
0.0 
5.9 
5.0 
5.9 
5.8 
5.6 
5.7 
5.8 
5.8 
5.7 
6.1 
6.2 
5.7 
6  ii 
5.  S 
0.2 
5.7 
6.0 
6.4 
0.5 
6.0 
0.0 
5.9 
6.2 
6.2 
6.1 
5.8 
6.0 
5.7 
0.4 
0.1 
5.8 
0.1 
6.8 
0.6 
6.5 
6.8 
0.5 
0.3 
0.5 
0.1 
0.5 
6  0 

Average 

'  f  compression  tests 

Tank  specimens 

Lake  specimens 

7  days 

28  days 

1  year 

5  years 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
1  year 

3  years 

5  years 

Lbs.  per 
sq.  in. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
5  years 

Lbs.  per 

sq    i  n 

2.870 

2,  520 
2,780 

3,  130 

2,  590 
3,570 
3,810 
3,320 
3,830 
3,450 
3.400 
3,740 

3,  450 
3,620 
3,220 
3,230 
3,810 
3,840 
3,700 
2.900 
3,070 

3,  500 
3,550 
3.490 
2,  830 

2,  900 
3,000 

4,  020 
3,400 
3,820 
3,810 

3,  500 
3,740 
3,660 
3,810 
2,720 

4,  USD 
3,  450 
3,790 
3,  070 
3,  700 

3,  970 
3,950 

4,  090 
3,600 
3,080 
4,  200 
3,830 
3,590 
4,480 
4.  370 
4,040 
3,  020 

3,  91-0 
3,840 

4,  100 
3,120 
3.990 
3,140 
4,  200 
3,770 
3,2*0 
3,400 
4,220 
3,340 
3,010 
3,520 

2,  900 
3,730 
3,690 

3,  340 
3,220 
3.5S0 
3,220 
3,150 
3,  430 
3,200 
3,480 
3,940 
3,230 
3,  520 
3,  380 
3,330 
2,  300 
3,080 
3,340 

Lbs.  per 
sq.  in. 
4.190 
4,200 
3.950 
4,890 
4,030 
4,760 
4,950 
4.470 
5,100 
4,440 
4,420 
6.200 
4,020 
4,930 
5,230 
4,720 
5,  050 
5,310 
4,590 

3,  790 
5,070 
5,020 
5,470 
5,  320 
4,580 
4,340 
5.580 
4,910 
4,010 

4,  000 
5,340 

5,  190 
5,010 
4,  920 
5,020 
4,290 
4,500 
4,570 
5,240 
4,460 
5,520 
5,440 
5,300 
4.700 
4,770 

;,.  it;!) 

5,580 
5,140 
4,370 
5,610 

4,  790 

5,  580 
5,2,0 
5,050 
.',  380 
1,830 

4,  440 
5,170 

5,  240 
5.340 
5,580 
5,370 
4,730 

4,  970 
4,770 
4,380 
5,390 
4,310 
5,040 
5.000 
4,540 
4,320 
5,150 
4,890 
5, 180 
5,480 
5,600 
5,520 
4,770 

5,  090 
5,  120 
1,690 
4,490 
3.  760 
4,570 
4,780 

Lbs.  per 
sq.  in. 
5,300 
4,930 
5.200 
6,  000 
5,050 
5,980 
6,420 
5,800 

6,  420 
5,870 
0,480 
5,790 
0,  1 10 
0,350 
6,250 
6,300 
6,010 
5,540 
5,  760 
4,580 
5,800 
5,820 

7,  100 
6,450 
6,150 
6,510 
0,250 
6,940 
5,  780 
5,  450 
5,740 
5,  650 
7,070 
6,910 
5,800 

5,  490 
4, 920 

6,  280 
6,070 
6,070 
5,760 
5.820 
6,190 
5,260 
0,430 
5,080 
0,090 
5,850 
6,110 

7,  040 
6,  330 
5,940 
5,810 
6,  770 
0.210 
7,500 
5,720 
6,290 
5,980 
r,.  Mill 
0,  270 
5,740 
0,  350 
7,050 
7,320 
5,470 

6,  500 
5,110 
6,540 
5,770 
5,980 
6,270 
6,220 
6,590 

5,  900 
7,030 

7,  390 
0,  780 

6,  280 
5,  070 
0,  040 
0,200 
5,830 
5,040 
5,  510 
5,  900 

Lbs.  per 
sq.  in. 

5,  400 

6,  120 
6,  520 
6,  4.11 
5,  830 

5,780 

5,940 
6,070 

5,  790 

6.  440 

6,  G50 

7,350 

6,520 
7,540 
6,310 
0,  350 

5,  900 
6,700 

6,  230 
6,  850 
7,700 

7,250 

6,230 

Lbs.  per 
sq.  in. 
4,  370 
3,  070 
1,480 
2,480 
4,870 
3,  530 

3,  050 

4,  530 
4,550 

0 

0 

2,820 

1,  020 

0 

3,  Mill 

3,  950 

3,  (100 
4,070 

4,  650 
800 

2,870 
3,800 
3,050 

3,  870 
3,810 
4,210 
3.130 

2,  930 
2,580 
5,300 
1.790 
5,430 
5,950 
4,850 

3,  900 
3,190 

0 

790 

1,880 

1,  030 

680 

1,070 

1,  830 

1,940 

810 

2,620 

2,310 

4,  420 
4,470 
i,,'-1  in 

5,  800 
6,2  i' 

6,  930 

5,  950 
0,  010 
0,900 
4, 1  0(1 
5,  r  ii 
5,  790 
5,  830 
5,  640 
5,  400 
6,580 
3,400 
2,910 
3,100 
4,300 

0 

810 

3,170 

5,  090 

4,  790 
5,910 
0,250 

6,  190 

5,  010 
5,  070 
5,  910 
3,  680 
4,510 
5,  490 
5,550 
5,  870 
4,150 
5,490 
1,590 

82 
74 
28 
41 
96 
59 
57 
78 
71 

Lbs.  per 
sq.  in. 

0 
0 
0 
0 
0 
0 
0 
0 
0 

49 

27 

0 

0 

01 
02 
51 
73 
81 
17 
50 
66 
43 
60 
62 
65 
50 
42 
45 
98 
31 
90 
84 
70 
68 
58 

0 
0 

0 

II 

0 

0 

0 

0 

0 

0 

0 

0 

0 

920 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2,500 

4,150 

5,  000 

0,740 

0,180 

6,130 

6,810 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

13 
31 
27 
12 
29 
30 
37 
13 
52 
38 
76 
73 
89 
92 
105 
119 
88 
97 
91 
80 
87 
97 
86 
90 
95 
104 
48 
40 
58 
60 

2,  200 
1,740 
4,410 

2,  090 
2,710 
5,000 
4,010 

0 

0 

1,230 

0 

0 

0 

250 

4,390 

2,280 

3,  200 
4,820 
5,120 
5,820 

4,  900 
4,400 

290 

0 

0 

4,140 

3, '.ion 

010 

2,  290 

0 

1,450 

2 

0 
0 
0 
0 
0 
0 
0 
4,290 
0 

12 

55 

85 

70 

95 

95 
105 

80 

77 

87 

59 

80 

82 

89 
101 

82 
100 

27  | 

63 

0 
0 
0 

6  7 

6  5 

6  9 

0 

6  6 

5.4 

0 

80 
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Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
-parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 

Part  2.— PORTLAND  CEMENTS  FROM  DIFFERENT  MILLS— Continued 


Series 
No. 


368 
701 
711 
732 
737 
752 
757 
763 
361 
709 
570 
705 
402 
415 
55,5 
557 
313 
300 
577 
702 
712 
733 
738 
753 
75S 
363 
468 
767 
405 
416 
414 
362 
403 
575 


Cement 
laboi  - 
atorv 
No. 


S5.94 
172 
172 
180 
180 
185 
185 
196 

80 
201 
133 
197 
101 
107 
128 
128 

65 
77.96 
134 
173 
173 
181 
181 
186 
186 

89 
113 
198 
104 
108 
106 

79 
102 
132 


Cement 


Portland  D . 

do 

do 

Portland  D 

do 

do 

do- 

Portland  BB 

Portland  F 

Portland  X 

Portland  AA     ...  

..-do--- 

Portland  R 

Portland  V 

Portland  Y 

do 

Portland  M 

Portland  G  

do... 

do 



do 

do- 

do _ 

do 

do 

Portland  Ol 

Portland  02 

Portland  CC 

Portland  T 

Portland  W 

Portland  U... 

Portland  Nl 

Portland  N2 

Portland  Z 

Water 
ratio 


.02 
.02 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.02 
.60 
.62 
.02 
.01 
.73 


Curing  method 

Absorp- 

Time 

tion  at 

in 

Time 

Time 

21  days 

moist 
closet 

water 

in  air 

Hours 

Days 

Days 

Per  cent 

24 

20 

35 

0.4 

24 

20 

35 

6.  1 

24 

20 

5.8 

24 

20 

5.9 

24 

20 

35 

6.2 

24 

20 

5.8 

24 

20 

35 

5.7 

24 

20 

35 

5.9 

24 

20 

35 

6.3 

24 

20 

35 

6.3 

24 

20 

35 

6.0 

24 

20 

35 

5.8 

24 

20 

35 

6.3 

24 

20 

35 

6.5 

24 

20 

35 

0.  0 

24 

20 

35 

0.4 

24 

20 

35 

5.9 

24 

20 

35 

6.0 

24 

20 

35 

6.3 

24 

20 

35 

6.1 

24 

20 

5.7 

24 

20 

0.0 

24 

20 

35 

5.9 

24 

20 

5.9 

24 

20 

35 

5.0 

24 

20 

35 

5.9 

24 

20 

35 

0.3 

24 

20 

35 

0.2 

24 

20 

35 

6.4 

24 

20 

35 

5.8 

24 

20 

35 

6.  1 

24 

20 

35 

6.1 

24 

20 

35 

5.9 

24 

20 

35 

6.0 

Average  of  compression  tests 


Tank  specimens 


7  days 


Lbs.  per 
sq.  in. 
3,390 
4,040 
3,950 
3,780 
3,960 
4.390 
4,080 
4,  030 
2,870 
3,050 
3  460 
3,  750 
3,  680 

2,  830 
3,780 
2,760 
3,150 
4,050 
3,910 
3,530 

3,  630 
4,070 
3,810 
3.750 
3,860 
4.010 

2,  140 
3,440 
2,940 
3,670 
3,030 

3,  220 
3,  Slid 
4,700 


28  days 


Lbs.  per 
sq.  in. 
4,130 
5,  000 
5, 380 
5,400 
5,  130 
5,290 
5,  530 
5,000 
4,320 
4,900 
4,820 
5,430 
4,940 
4,  540 
4,670 
4,250 

3.  950 

4.  820 

5.  610 
5  330 
4,910 
5.190 
5,080 
5,  420 
5,020 
5,220 
3,940 
5,  540 
4,380 
5,  010 
4,410 
4,600 
5,640 
5,100 


1  year 


Lbs.  per 

sq.  in. 

5,  730 
6, 170 
7,  050 

6,  620 
5,580 
6,090 
6,160 
6.  360 
6  350 
6,440 
5,850 
4,820 
6.  290 

5,  920 
5,480 
4,690 

6,  050 

5,  900 
0,  730 
6,510 
0.  120 
5,710 
6,290 
6,290 
5,930 

6,  730 
0,  000 
0,650 
5,530 
6,  510 
6,430 
6,970 
6,630 
6,490 


5  years 


Lbs.  per 

sq.    III. 

0,770 


5,  730 


5.  900 
5,  550 


5,  680 
6,690 


i,.  l:;u 
5,260 


5,860 
5,240 

5,  900 

6,  550 
5,720 


Lake  specimens 


1  year 


Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
1  year 


Lbs.  per. 

sq.  in.  I 
2,980 
5,750  I 
4,980  ! 
4.  750 
4.  700  , 
3,850 

4,  800 
2,830 

0  I. 
4,440 
3,440 

0  !. 
2.440 
2,  940 
3,510 
1,800 
2,250 
1,930 
6,140 
5,290 

5,  880  ! 

6,  040  j 
5,  960  ; 
5.890 
5,  800 

670 
5,590 
5,330 

280 
1,490 
2,490  i 
4,  000 
4,410 
4,970 


39 
50 
64 
38 
37 
33 
91 
81 
96 
106 
95 
94 
98 
10 
93 
80 
5 
23 
39 
57 
67 
77 


3  years 


Lbs.  per 

sq.  in. 

0 

2,170 

2,070 

0 

1,100 

0 

3,  490 


0 


0 

0 

0 

0 

0 

0 

0 

0 

3,340 

3.270 

5,660 

4,  150 

5,  170 
5,670 
7,290 

0 
5,  580 


0 

0 

0 

950 

1,860 

2,210 


5  years 


Lbs.  per 

sq.  in. 

0 


Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
5  years 


0 
3,550 


PART  3—  SPECIAL  CEMENTS  OTHER  THAN  HIGH  ALUMINA 


573 

130 
175 
131 
191 
197 
200 
190 
193 
201 
112 
177 
177 
177 
177 
177 
177 
177 
177 
192 
198 
190 
199 
28 
10 
127 
128 
127 
128 
127 
12S 
127 
128 

Special  B.__ 

0.02 
.04 
.62 
.02 
.00 
.  62 
.  02 
.02 
.0,2 
.54 
.44 
.54 
.01 
.90 
.42 
.51 
.70 

1.08 
.02 
.62 
.04 
.62 
.62 
.63 
.64 
.04 
.73 
.73 
.02 
.02 
.71 
.71 

24 
24 
24 
21 
21 
24 
21 
21 
24 
24 
24 
24 
21 
24 
24 
24 
24 
24 
24 
24 
21 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

20 
20 

20 
20 
20 
20 
211 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
?  20 
?  20 
i  20 
?20 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

0.3 
5.  0 
6.6 

3.  S 
5.8 
5.0 

5.  9 
5.9 
0.3 

10.7 
8.0 

6.  0 
8.2 
9.5 
9.4 

13.3 
15.8 
0.0 
0.2 
4.7 
0.0 
0.2 
9.5 
6.0 
0.0 
0.0 
0.4 
7.9 
8.2 
9.  1 
9.2 

4. 140 
5,080 

3,  490 
4,480 
3,750 

5,  390 

4.  030 
2.910 

3,  050 
2,  830 
3,940 
3,000 
2,  690 

860 
4,280 

2,  450 
1,200 

320 

6.  300 
3.440 

4,  920 
4.  100 
2,910 
1,430 
3.200 
3  780 
2,280 
2,700 

3,  200 
3.  550 
2,  290 
2,720 

4.800 
0,010 

4,  580 

5,  2sii 
5,  430 
0,  610 
5,  600 
4,410 
4,  900 

4,  390 

5,  200 

4,  400 
4,020 
1,530 

5,  900 
4,080 
2,370 

780 
0,  480 
5,  540 
5,  570 
4,830 
3,770 
2,  730 
4,720 

4,  070 
4,480 
4,250 
4,720 

5,  100 
4,  520 
4,290 

5,  010 
6,250 
0,100 
5,990 

4,  S20 
0,660 
6,360 
5, 930 
6,440 
4,820 

5,  660 
5,100 
4,220 

2,  230 

6,  680 

4.  210 

3,  050 
990 

7,  570 

6,  050 
5,780 

7,  560 
5,370 

3.  750 

5,  950 
5,480 
5,290 
4,690 
5,  800 
0,  120 

4,  900 
5,450 

4.350 

5,  900 
3,  020 

5,880 
:,.02(l 
5.  080 
3,  570 
0 

3,  S30 
2,830 
4,410 

4,  illl 
4.830 
4,  940 

4,  340 . 
3.710 
1,700 
0,  070 
3.  900 

2,  150 

0 
0,  520 
5,330 
4,810 
0,  900 
4,030 
3,280 

5.  330 
3,510 
3,080 
1,800 
0,  090 
5,  270 

3.  900 
3,920 

105 
90 
93 
60 

3,710 

0 

3,360 

714 

Special  I) 

0 

571 

Special  C 

704 

Special  E 

70.-, 

Portland  A  A 

0 

0 

762 

Special  F 

58 
44 
74 
09 
100 
87 
85 
88 
70 
91 
93 
70 

703 

Portland  BB 

708 

Special  G _  

709 

Portl  md  X 

i  107 
2  719 

do 

3,  570 

4,  520 
3,730 
3,  500 

210 

0.  220 

3,760 

1,400 

0 

2,640 

Gl 

720-721 

do 

3  722 

.....do 

do 

«723 

0 

2  5  y>4 

do _._. 

do._. 

do 

do 

3  725-728 

3  5  727 

*  s  728 

0 

766 

Special  II 

86 
80 
83 
91 
75 
87 
90 
04 
58 
38 
104 
86 
80 
72 

707 

Portland  CC. 

700 

Special  I - 

761 

Portland  I 

243-247 

Special  Al     . 

0 

800 

0 

0 

0 

0 

4,120 

4,01(1 

1,140 

900 

0 
0 
0 
0 
0 
0 

248-250 

Special  A3.  ... 

556 

Special  A2 

555 

Portland  Y 

558 

Special  A2 

557 

Portland  Y 

9  501 

Special  A2 ... 

«560 

Portland  Y 

«563 

Special  A2 

«562 

Portland  Y._ 

>  Mix—  1:  1.88. 

2  Mix  —  1    ii  94 

3  Mix  —  1:  2.82. 


<  Mix  — 1:  4.70. 

s  Standard  Ottawa  sand  cylinders. 

«  Mix— 1:  2.25. 


'  In  damp  sand. 


May,  1931 


PUBLIC    ROADS 


81 


Table  2. — Record  of  tests  of  2  by  4-  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 


Part  4— HIGH  ALUMINA  CEMENTS 


Cement 
labora- 
tory No. 


14 
14 
14 

14 
14 
14 
14 
14 
14 
14 
14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

25 

27 

27 

27 

27 

27 

27 

27 

27 

70,71 

70,71 

70,71 

70,71 

70,71 

70,71 

70,  71,  74 


70,  71,  74 


70,71 
58 
58 
58 
58 


Cement 


High  alumina  A. 

____do 

do 

do 


.do. 

.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 

_do. 

.do. 


.do. 

.do. 

.do. 
_do. 
.do. 


....do 

High  Alumina  B. 

.do 

do 

do 


.do. 
.do. 
-do. 
-do. 
.do. 
-do. 


.do. 
.do. 
.do. 


.do. 
-do- 


Wa- 
ter 
ratio 


High  alumina  B,  5  per 
cent,  Portland  B,  47.5 
percent,  and  Portland 
A,  47.5  per  cent 

High  alumina  B,  10  per 
cent,  Portland  B,  45 
percent, and  Portland 
A,  45  per  cent 

High  alumina  B  20  per 
cent,  Portland  B,  40 
per  cent,  and  Portland 
A,  40  per  cent 

High  alumina  B 

High  alumina  C 

do 

do 

do- 


0.04 
.04 
.64 

.114 

.04 

.02 
.02 
.02 
.02 
.62 
.62 
.62 
.02 
.02 
.02 
.05 

.05 

.05 

.05 


Curing  method 

Tem- 

Time 

pera- 

Time 
in 

Time 

in 

water 

ture 
of 

Time 

moist 
closet 

water 

vapor 

or 
steam 

water 
vapor 

or 
steam 

air 

Hoars 

Days 

Hours 

"F. 

Days 

24 

48 

155 

25 

24 

f       24 
I       24 

155 
212 

\» 

24 

72 

155 

24 

24 

f      48 
\       24 

155 
212 

}24 

24 

1       24 

I      48 

155 

212 

f     « 

24 

27 

72 

25 
25 

24 

48 

100 

24 

48 

155 

25 

24 

48 

212 

25 

24 

20 
20 
20 
20 
20 

344 

50 
28 
14 

24 

24 

24 

24 

24 

48 

155 

25 

24 

f       24 
1       24 

155 
212 

}    25 

24 

72 

155 

24 

24 

f      48 
I       24 

155 

212 

}     ^ 

24 

/      24 

I       48 

155 
212 

}     24 

24 

27 

72 

25 
25 

24 

48 

100 

24 

48 

155 

25 

24 

48 

212 

25 

24 

20 
20 
20 
20 
20 
20 

35 
35 
35 
35 
35 
35 

24 

24 

24 

24 

24 

24 

20 
20 
20 
20 
20 
20 
20 
20 
20 

35 
35 
35 
35 
35 
35 
35 
35 
35 

24 

24 

24 

24 

24 

24 

24 

24 

24 

20 

35 

24 

20 

35 

24 

20 
20 
20 
20 
20 
20 

35 
35 
35 
35 
35 
35 

24 

24 

24 

24 

24 

Average  of  compression  tests 


Ab- 
sorp- 
tion 
at  21 
days 


Per 
cent 
6.2 

0.2 

6.  1 

0.  1 


0.3 
7.0 
0.5 
6.2 
6.1 
6.3 
6.5 
0.5 
6.5 
0.3 
8.1 

8.0 

8.0 


8.7 
9.3 
9.  1 
8.  1 
7.8 
4.9 
6.3 
8.3 
10.2 
11.8 
5.1 
4.9 
5.3 
5.8 
5.  0 
4.9 
5.3 
6.3 
7.6 
9.7 


6.3 


6.2 


7.0 
5.8 
5.4 
0.  5 
9.3 
12.3 


Tank  specimens 


7  days 

28  days 

1  year 

Lbs.  per 

Lbs.  per 

Lbs.  per 

sg.  in. 

sq.  in. 

sg.  in. 

3,250 

3,550 

2,830 

3,150 

3,  070 

2,8C0 

3,100 

3,840 

2,040 

3, 190 

3,890 

2,730 

3,360 

3,800 

3,020 

4,560 

4,890 

4,  560 

5.020 

4,810 

5,310 

5,  370 

5,  510 

5,240 

3,  300 

3,870 

3,300 

3,  750 

2,840 

4,570 

5,040 

5,100 

4,830 

4,910 

5,120 

4,700 

4,  850 

5,450 

4,250 

4,900 

4,570 

4,710 

4,860 

4,380 

2,250 

2,910 

2,760 

2,280 

2,680 

2,080 

2,470 

2,850 

2,440 

2,620 

2,960 

2,  650 

2.550 

2.930 

2,630 

2,910 

3,600 

3,590 

4,220 

4,430 

4,220 

4,  32U 

4,  040 

3,750 

2,200 

2,700 

2,780 

2,500 

2,870 

2,500 

0,700 

0,780 

6,  260 

0,  210 

7.  080 

6,  490 

5,  000 

4,  830 

5.110 

3,380 

3,  090 

3,250 

2,160 

1,920 

1,  680 

7.  490 

0,  820 

8.080 

7,080 

6,620 

8, 160 

6,  560 

5,  680 

6,  290 

4,  040 

4,840 

4,150 

5,300 

5,  700 

6,110 

0,  000 

7,  120 

8,100 

6,890 

7,210 

8,630 

5,950 

5,710 

6,440 

:,.  140 

4,230 

3,480 

9,400 

8,420 

10,  440 

2,630 

3,880 

5,490 

2,200 

3,760 

4,820 

1,300 

2,830 

3.640 

7,080 

7,790 

7,820 

7.730 

7,230 

7,480 

4,  360 

4.030 

2,910 

5,010 

4,850 

2,920 

2,130 

1,820 

1,130 

5  years 


'  Lbs.  per  Lbs.  per 


sg 


in. 

2,  850 

2,510 
2.400 
2,570 

2,700 

3.  400 
3,710 
2,650 
2,640 
2,660 
3.  780 
3,  690 
3,  380 
3,  590 

3,  100 
2,830 

2,690 

2.  M0 

2,910 

2,650 

2,240 
2,  100 
1,880 
2,930 
2,  400 
7,770 
6,390 
3,640 
2,380 
1,130 
8, 100 
0, 880 

4,  090 
2,  520 
4,040 
7,040 
6,280 
3,700 
2,550 
0,620 


r,.  970 


5.420 


3,  000 
6,440 
4,030 
2,  190 
2,020 
1,230 


Lake  specimens 


1  year 


sg.  in. 
3,400 

3,320 

3,790 

3,790 

3,070 
5,220 

5.  '.Hill 

5,  450 
3,400 

.;  6  i0 
5,040 

6,  280 
5,  020 
5,770 
4,  900 
2,790 

2.900 

2,840 

2,590 

2,580 

4,  060 
4,310 
4,490 
2,  620 
3,010 
7.420 
8.000 

5.  500 
3,730 

700 
S.  400 
8,210 
0.  100 
5,  080 
5,  780 
7,580 
7,390 
5,400 
3,790 
9,330 


4.100 


3,320 
7,220 
7,010 
4,370 
4,  340 
920 


Percent- 

age of 

normal 

strength 

as  in- 
dicated 

2  or  3 

by 

years 

tank 

speci- 

mens at 

1  year 

Lbs.  per 

sg.  in. 

120 

4,510 

110 

144 

139 

121 

114 

'  6,410 

112 

'  6,  300 

104 

1  5,  300 

i  4,  000 
i  4,110 

129 

99 

123 

103 

120 

113 

101 

1  2.  930 

139 

1  3,  140 

116 

'  3,  120 

98 

'  2,  930 

98 

'  3,  170 

113 

102 

120 

94 

120 

118 

7,240 

123 

7,  370 

109 

5,350 

115 

3,350 

42 

0 

105 

8.080 

101 

6,710 

98 

5,400 

122 

4,080 

95 

6.040 

94 

8,  660 

80 

8,300 

84 

Or,  690 

109 

2.  950 

89 

10, 100 

75 

0 

50 

0 

91 

0 

92 

8.  130 

94 

7,230 

150 

3,330 

149 

3,  690 

81 

0 

5  years 


Lbs.  per 
sg.  in. 
4,290 

4,960 

4,560 

5,040 

4,920 

4,  100 
0,230 

5,  330 
3,690 
4,  090 
0,240 
0,720 
0,  400 
0,420 

4,  390 
2,940 

2,840 

3,090 

3,340 

3,030 

3,  040 
5,880 
4,120 
3,  700 
3,  900 
8,950 
7,  970 

5,  090 
3,830 

0 
8,210 
7,830 

6,  310 
4,770 
5,  920 
7,710 
0,780 
5,  790 
3,200 
8,510 


Percent- 
age of 
normal 
strength 
as  in- 
dicated 
by 
tank 
speci- 
mens at 
5  years 


0 
7,810 
7,340 
3,410 
3,170 

0 


151 
198 
185 

191, 


129 
168 
201 
140 
154 
165 
182 
191 
179 
139 
104 

106 

117 


162 
272 
219 
128 
165 
115 
125 
156 
1G1 


101 
114 
154 
189 
147 
110 
108 
150 
125 
129 


121 
182 
156 
157 


1  Two-year  tests. 


Standard  Ottawa  sand  cylinders. 


Mix- 


<  Mix  — 1:4. 


'  Mix  —  1:5. 


8  Neat  cement. 
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Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 

PartS.-SURFACE  TREATMENT  OR  IMPREGNATION 


Series 
No. 


374 

1375 
391 

549 

550 
551 

552 
553 


554 
934 


635 


976 

977 


978 


979 


':<>.(  I 


'293 


Cement 
labor- 
atory 
No. 


74 

74 
74 

129 

129 
129 

129 

129 


129 
245 


245 


237 
237 


Cement 


237 


237 


Y2  Portland  A. 

y2    Portland 

B. 

....do. 

do 

do -. 


.do... 
.do... 


..do.. 
..do.. 

..do- 

do.. 

..do... 

..do.. 
..do.. 


237    do.. 


.do 


.do. 


.do. 
.do. 


Water 
ratio 


0.62 

.64 
.62 

.62 

.62 
.62 

.62 
.62 


.64 
.62 


.62 


.62 


.62 


.62 


.64 
.64 


Surface  treatment 
or  impregnation 


Inertol,  first  coat  at  22 
days,  second  at  26 
days. 

do 

No  treatment 


Curing  method 


Time 


moist 

closet 


Hours 
24 


No  treatment.  Dipped 
in  boiling  water  }4 
minute  at  28  days  and 
y2  minute  at  31  days. 

Boiled  linseed  oil  at  70° 
F.,  dipped  Y2  minute 
at  28  days. 

Boiled  linseed  oil  at  70° 
F.,  dipped  Y2  minute 
at  28  days  and  y2 
minute  at  31  days. 

Boiled  linseed  oil  at  225° 
F.,  dipped  y2  minute 
at  28  days. 

Boiled  linseed  oil  at  225° 
F.,  dipped  y2  minute 
at  28  days  and  H 
minute  at  31  days. 


No  treatment 

McEverlast  "Special 
Paving  Coating,"  one 
brush  coat  at  24  hours. 

McEverlast  "Special 
Paving  Coating,"  one 
brush  coat  at  21  days. 

No  treatment... 

McEverlast  "  Penetra- 
tion," one  brush  coat 
at  24  hours,  followed  I 
by  one  brush  coat, 
"Concrete  Cover 
Coat"  at  48  hours. 

McEverlast  "Penetra- 
tion," one  brush  coat 
at  21  days  followed  by 
one  brush  coat,  "Con- 
crete Cover  Coat"  at 
22  days. 

McEverlast  "Paving 
Special,"  one  brush 
coat  at  24  hours  follow- 
ed by  one  brush  coat 
"Concrete  Cover 
Coat"  at  48  hours. 

McEverlast  "  Paving 
Special,"  one  brush 
coat  at  21  days  follow- 
ed by  one  brush  coat 
"Concrete  Cover 
Coat"  at  22  days. 


No  treatment 

Sulphur  impregnated. 


24 

24 
24 

24 
24 


24 


24 


Time 

in 
water 


24 


20 

20 
20 

20 

20 

20 

20 
20 


Time 
in 
air 


20 


20 


Days 
35 


35 


35 


55 


35 


Ab- 
sorp- 
tion 
at  21 
days 


Average  of  compression  tests 


10.5 
6.3 


5.8 


6.3 
4.0 


5.8 


6.0 
2.7 


4.5 


2.0 


9.9 


Tank  specimens 


7  days 


Per    Lbs.  per  Lbs.  per 
cent     sq.  in.     sq.  in. 
6.7       2,930  |    4,870 


28  days 


1.430 
3.130 

3.790 

3,540 
3,730 


5.  8       3,  430 
5. 8       3,  750 


3,570 
4.370 


4,340 


3,700 
2,890 


3,670 


3,200 


3,410 


1.420 
1,350 


2.790 
4,890 

4,770 


4,960 
5,260 

4,680 
4,960 


4,760 
5,270 


5,640 


4,590 
4,180 


4,650 


4,410 


4.450 


2.240 
2,210 


1  year    5  years 


Lbs.  per 
sq.  in. 
5.570 


3.640 
6,060 

6,550 

6,040 
5,520 

5,970 
5,510 


5,980 
6,030 


5.440 


5,750 
5,660 


5,740 


5,620 


5,780 


3,  850 
3,130 


Lbs.  per 
sq.  in. 
6.200 


3.740 
6,430 


3.740 
2,610 


Lake  specimens 


1  year 


Lbs.  per 

sq.  in. 

5,390 


2,970 
2,480 


1,620 


Percent-! 
age  of   ; 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens at 
1  year 


3  years 


5  years 


5,330 
5,650 


5,610 


5,710 


4,650 
4,710 


5,550 


4,920 


5,250 


2,140 
1,500 


97 


25 


5. 520  91 

5, 730  104 


89 
103 


105 


97 


in 


Lbs.  per  Lbs.  per 
sq.  in.      sq.  in. 
3,310       5,320 


5.220 
5,560 

5,260 
5,050 


86 


'.Standard  Ottawa  sand  cylinders. 
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Part  6.— ADMIXTURES 


Series 
No. 


182 
183 


184 
185 


186 


554 
581 


582 


S22 

823 


824 
825 


2  981 
2  982 


'984 

2  985 
2  986 

2  987 

2  988 
»989 
'990 

3  991 

3  992 

3  993 
3  994 

3  995 

3  996 

••997 

<99S 

<999 

<1C00 

■U001 
<  1002 

U003 

«  1004 

157 
158 
159 
160 
161 
172 


Cement 
labor- 
atory 
No. 


18 

129 

129 

129 


225 
225 

225 

225 

225 

263 
263 

263 

263 

274 
274 

274 

274 

263 

263 

263 

263 

274 
274 

274 

274 

263 

263 

263 

263 

274 

274 

274 
274 

18 
18 
18 
18 
18 
18 


Cement 


Y2  Portland  A. 

Yi  Portland  B. 

do ... 

.-..do 

do 


..do. 
.do. 


do. 

do. 


.do. 
.do. 


do. 

do. 

do. 


.do. 
.do. 


-do. 
.do. 


Portland  I. 
do 


do 

do 

Yi  Portland  A, 

Vi  Portland  B. 

do 


do.. 

do.. 


Tori  land  I. 
do 


-do. 
.do. 


Y2  Portland  A, 

Y2  Portland  B. 

do 


.do. 
.do. 


Portland  I... 
do.. 


..do. 
..do. 


li  Portland  A. 

H  Portland  B. 

do 


do. 

do. 

do. 

do. 


Water 
ratio 


Admixture 


0.59 

.63 

.59 
.63 

.63 

.64 
.62 

.62 

.62 
.62 

.64 

.72 

.79 


.71 

.64 
.67 

.69 

.71 

.80 

.82 
.83 

.84 

.80 
.82 

.83 

.84 

.94 

.95 

.90 

.97 

.94 
.95 

.96 

.97 

0.74 
.63 
.74 
.63 

.74 
.59 


None. 


3  per  cent  Alkagel 

A. 

None.. 

3  per  cent  Alkagel 

A. 
do 


None.. 

6  per  cent  barium 

chloride. 
12  per  cent  barium 

chloride. 


Barns- 
Barns- 
Barns- 


None.. 

3.75  per  cent  Barns- 

dall. 
7.5  percent  Barns- 

dall. 
15.0  per  eentBarns- 

dall. 
30.0  per  cent  Barns- 

dall. 

None 

4  per  cent  Barns- 
dull. 
6  per  cent  Barns- 

dall. 
8  per  cent  Barns- 

dall. 

None 

4  per  cent  Barns- 

dall. 
6  per  cent  Barns- 

dall. 
8  per  cent  Barns- 

dall. 
None.. 

4  per  cent 

dall. 
6  per  cent 

dall. 
8  per  cent 

dall. 

None 

4  per  cent 

dall. 
6  per  cent 

dall. 
8  per  cent 

dall. 
None 

4  per  cent  Barns- 

dall. 
6  per  cent  Barns- 

dall. 
8  per  cent  Barns- 

dall. 

None 

4  per  cent  Barns- 

dall. 
6  per  cent  Barns- 

dall. 
8  per  cent  Barns- 

dall. 

40  per  cent  blast 

furnace  slag. 
10  per  cent  blast 

furnace  slag. 
40  per  cent  blast 

furnace  slag. 
10  per  cent  blast 

furnace  slag. 
40  per  cent  blast 

furnace  slag. 
None 


Barns- 
Barns- 
Barns- 


Curing  method 


Time 


Time 
in 

water 
moistj    or 
closet  damp 

sand 


Hours 
24 


24 


Days 
20 

20 


20 


Time 

in 
water 
vapor 

or 
steam 


Tem- 
pera- 
ture 

of 
wator 
vapor 

or 
steam 


Hours 


48 


155 
155 


100 


48 


Ab- 
sorp- 
tion 
Trme  at  21 
in  air   days 


155 
155 


Days 
35 


Per 
cent 
6.0 


35       5.3 


6.0 
5.0 


6.3 

6.5 

6.7 

5.3 

5.2 

5.5 

6.0 

6.8 

5.9 
6.1 

6.0 

6.  1 

5.9 
6.0 

6.1 

6.3 

6.2 

6.6 

6.4 

6.2 

6.5 
6.  4 

6.8 

(i.  0 

6.7 

6.8 

6.9 

6.9 

0.5 
6.6 

6.6 

6.7 

6.5 
6.0 
6.7 
6.4 
6.9 
5.6 


Average  of  compression  tests 


Tank  specimens 


7  days 


Lbs. 
per 

SQ.    Ill 

2,800 

2,260 

4,070 
3,280 

3,120 

3,570 
3,530 

3,240 


3.220 
3,440 

2,970 

3,060 

2,310 


2,420 
2,880 
2,410 
3,850 
3,800 
2,870 


28 

days 


Lbs. 
per 

xtl     III. 

4,010 

3,560 

4,530 
3,940 

3,730 

4,760 
4,570 

4,460 


5,  L'.-ill 
4,660 

5,070 

4,490 

3,790 

5,440 
5,630 

5,140 

5,560 

5,330 
5,370 

5,480 

5,310 

4,850 

5,010 

4,770 

4,660 

3,980 
4,740 

4,440 

4,500 

3,640 

3,570 

4,020 

3,610 

3,370 
3,480 

3,500 

3,570 


1  year 


Lbs. 

per 
sq.  in. 
5,780 

4,570 

5,100 
4,570 

3,820 

5,980 
5,870 

5,100 


6,250 
7,  090 

6,480 

5,350 

5,410 

7,100 
6,610 

6,050 

5,950 

7,190 
7,890 

7,680 

7,080 

5,540 

5,770 

5,340 

6,050 

6,610 
6,540 

5,990 

6,010 

4,370 

4,640 

4,510 

4,650 

4,880 
4,730 

4,300 

4,780 


3,  960  ,  6,  030 
4, 180  I  5,  440 
4,190  5,670 

4,  010  5,  300 
4,020  5,450 
4,  190  5,  300 


5  years 


Lbs. 

per 

sq.  in. 

5,790 

4,670 

6,110 
5,050 


0,200 
6,260 
5,600 
4,000 
5,710 
5,400 


Lake  specimens 


1  year 


Lbs. 

per 

sg.  in. 

4,450 

3,520 

4,240 
3,300 

3,550 

3,530 
3,730 

4,420 


3.S00 
3,050 

3,000 

2,130 

1,450 

5,030 
4,590 

4,060 

3,800 

7,170 
6,170 

5,460 

6,610 

1,570 

630 

980 

570 

3,970 
4,650 

4,850 

4,260 

2,840 

2,700 

1,510 

830 

4,360 
4,080 

3,950 

5,020 

4,230 
5,170 
5,560 
4,800 
4,830 
4,370 


Percent- 
age of 
normal 
strength 
as  indi- 
cated by 
tank 
speci- 
mens at 
1  year 


2  or  3 
years 


5  years 


Lbs.  Lbs. 

per  per 

sq.  in.  sq.  in. 

>2, 100  0 

'2,  140  0 


83  1 14,  700 
72    13,900 


93 

59 
64 

87 

61 
43 

46 

40 

27 

71 
69 

67 

64 

100 
78 

71 

93 

28 

11 

IS 

9 

60 

71 

81 
71 
65 
58 
33 
18 


91 
105 

70 
95 


82 


■  3,  060 

0 
0 

2,800 


i  2,  340 
■3,930 
'  5, 220 
■  3,  540 
1 5, 640 
1 2, 050 


800 

1,  090 


Percent- 
age of 
normal 
strength 
as  indi- 
cated by 
tank 
speci- 
mens at 
5  years 


0 
0 
690 
0 
2,760 
0 


13 
22 


48 


1  Two-year  tests. 

2  Special  high  silica  aggregate, 

3  Special  high  silica  aggregate, 
*  Special  high  silica  aggregate, 


1:3  Mix.    Two  by  four  inch  cylinders  cured  in  damp  sand. 
1:2:3  Mix.    Two  by  four  inch  cylinders  cured  in  damp  sand. 
1:2:4  Mix.    Four  by  eight  inch  cylinders  cured  in  damp  sand. 


84 
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Table  2. — Record  of  lesis  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak.,  and 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 

Part  6— ADMIXTURES— Continued 


Series 
No. 


Cement 
labor- 
atory 
No. 


167 

168 
169 
170 
171 
172 

162 

163 


166 
172 

412 

413 
583 


634 
635-636 
637-638 

639 
640 
641 
642-643 
776 
777 
775 

715 

716 

717 
718 


554 
664-565 

566 

567-508 

172 
173 
174 
175 
176 

1141 
1142 
1143 

1144 
114:, 


Cement 


139 
139 

139 


201 
201 


]r>  Portland  A, 
\i  Portland  B. 

do --.. 

do 

do 

do_. 

do 


Water 
ratio 


0.59 

.60 
.59 
.60 
.59 
.59 

.63 

.79 

.63 

.79 

.63 

.59 

.66 
.02 
.62 


.64 


Curing  method 


Admixture 


4  per  cent  Cal 

8  per  cent  Cal 

4  per  cent  Cal 

8  per  cent  Cal 

4  per  cent  Cal 

None 

4  per  cent  calcium 

chloride. 
8  per  cent  calcium 

chloride. 
4  per  cent  calcium 

chloride. 
8  per  cent  calcium 

chloride. 
4  per  cent  calcium 

chloride. 
None 


Time 


moist 
closet 


Hours, 
24 

24 

24 
24 
24 
24 


2H  per  cent  Celite. 

None 

do 


2  per  cent  Colloy.. 

Nonc_ - 

do— 

2  per  cent  Colloy.. 
None 

2  per  cent  Colloy.. 
4  per  cent  Colloy.. 


None 

0.27  per  cent  Earth- 
crete. 

1.06  per  cent  Earth- 

crete. 
0.27  per  cent  Earth- 

crete. 


None 

2]/2  per  cent  fuel 

ash. 
5  per  cent  fuel  ash. 
10  per  cent  fuel  ash. 

None 

20  per  cent  ironite. 

None 

20  per  cent  ironite. 
....do 

None 

1  per  cent  kerosene 

2  per  cent  kerosene 
4  per  cent-  kerosene 
8  per  cent  kerosene 

None 

2  per  cent  Medusa 
Waterproofing. 

1  percent  Medusa 
Waterproofing. 

4  percent  Medusa 
Waterproofing. 


24 


2  per  cent  Celite... |      24 
None 24 

2  per  cent  Celite. ..       24 


Time 


damp 
sand 


Da  ys 
20 

20 
20 


Time 


water 
vapor 


Hours 


48 


4S 


48 


Tem- 
pera- 
ture 
of 
water 
vapor 


°F. 


155 

155 


Time 
in  air 


155 
155 


212 
212 


212 
212 


155 
155 
100 


Ab- 
sorp- 
tion 
at  21 
days 


Per 
cent 
5.7 

5.8 
5.8 
6.0 
6.0 
5.6 

5.7 

7.1 

5.9 

7.1 

5.8 

5.6 

6.4 
5.7 
6.3 

6.1 
6.3 
6.2 

6.5 
6.5 
6.9 
6.8 
6.2 
6.4 
6.4 

5.6 

5.6 

5.8 


Average  of  compression  tests 


Tank  specimens 


Pake  specimens 


7  days 


6.3 
6.3 

6.4 
6.3 

5.6 
5.9 
6.1 
6.1 

G.  1 

5.6 
5.3 
5.1 
4.4 
4.8 

6.3 

5.0 

5.2 
4.0 


Lbs. 

per 
sq.  in. 
3,200 

3,180 
3,250 
4,  990 
4,550 
2,870 

2,870 

2,200 

2,940 

3,800 

4,840 

2,870 

3,530 
3,520 
3,810 

3.260 
3,960 
4,160 

3,630 
3,320 
3,590 
3,870 
3,400 
3,160 
3,200 

3,830 
4,460 

3,530 


5.  6   5,  210 


3,  570 
3,580 

3,300 
3,  390 

2,870 
2,950 
4,020 

:;,  sni 
3,680 

4,560 
3,  930 
3,790 
3,800 
3,740 

3,050 
3,220 

3,030 

2,780 


28 

days 


Lbs. 

per 

sq.  in 

4,150 

4,290 
4,280 
4,670 
4,  690 
4,190 

4,330 

3,010 

4,  000 

3,640 

4,920 

4,190 

5,050 
5, 390 
4,  950 

5,340 

4,  330 
4,730 

4,610 
4,470 
3,760 
4,100 
4,420 
4,  640 

4,  540 

5.  100 
5,160 


5,  550 


4,760 
5,100 

4,760 
5,080 

4,190 

;;,'.im> 
4,  390 
4,  440 
4,220 

5,400 
5,760 
5,740 
5,530 
4,870 

4,960 

4,750 

4,690 
4,700 


1  year 


Lbs. 

per 

sq.  in. 

4,860 

5,570 
4,550 
5,030 

5,  140 
5,300 

5,530 

4,280 

5,450 

4,600 

4,990 

5,300 

6,670 

6,  500 
6,420 

6,180 
4,250 
5,300 

5,250 

.-...Mill 

4,  530 

4,  420 
6.480 
5,270 
6,  110 

6.420 
5,780 

6,950 

5,370 

5,980 
6,710 

5.850 
6,570 

5,300 
4,  890 
4,  330 
5,510 
5,250 


5  years 


6,  440 
5,930 

5,480 

5,340 


Lbs. 

per 

sq.  in. 

5,600 

6,370 
5,580 
5,  960 
5,730 
5,400 

5,130 

4,220 

5, 790 

4,620 

5,970 

5,400 

6,280 

ii,:;.,n 


1  year 


5,400 
5,  800 
5,  650 
5,  630 
5,770 


Lbs. 

per 

sq.  in. 

3,910 

4,620 
4,800 
5,010 
4,980 
4,370 

3,910 

3,550 


3,300 

4,460 

4,370 

3,760 
4.300 
3,650 

5,290 
4,370 
4,410 

4,630 

4,  530 

3,740 

3,800 

0 

0 

0 


4,860 
5,150 


3,530 
2,840 

2,670 
3,660 

4,370 
5, 020 

3,  910 

4,  630 
5,190 


Percent- 
age of 
normal 
strength 
as  indi- 
cated by 
tank 
speci- 
mens at 
1  year 


80 

83 
105 
100 
97 
82 

71 

83 

93 

72 


103 
83 


82 
102 


4,440 
3,020 


2,750 
2,190 


2  or  3 

years 


Lbs. 

per 
sq.  in. 
1 1, 380 

' 3, 690 
I  3,  620 
6,200 
' 5,  560 
i  2,  050 

'1,710 

'  3, 130 

'5,240 

1 3, 860 

15,840 

'2,050 

0 
0 
0 

0 
5,  950 
5,020 

0 
0 
5,360 
5,510 
0 
0 
0 

0 
0 

0 

0 


5  years 


Lbs. 
per 

sq.in. 
0 

1,570 
1,090 
5,540 
4,  690 
0 

0 

1,040 

2,200 

3,770 

4,990 

0 

0 
0 
0 


0 
0 

0 
0 

0 
1,590 
2,740 
5,280 
5,  020 


Percent- 
age of 
normal 
strength 
as  indi- 
cated by 
tank 
speci- 
mens at 
5  years 


25 

20. 

93 
82 


25- 

38 
82 
8* 


27 
48 


2-year  tests. 
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Table  2. — Record  of  tests  of  2  by  4  inch  concrete  cylinders  exposed  to  the  action  of  sulphate  water  of  Medicine  Lake,  S.  Dak. 
parallel  tests  of  cylinders  stored  in  tap  water  in  laboratory  tanks — Continued 


and 


Part  6.— ADMIXTURES— Continued 


Cement 
labor- 
atory 
No. 

Cement 

Water 
ratio 

Admixture 

Curing  method 

Ab- 
sorp- 
tion 
at  21 
days 

Average  of  compression  tests 

Time 

in 
moist 
closet 

Time 

in 
water 

or 
damp 
sand 

Time 

in 
water 
vapor 

Tem- 
pera- 
ture 
of 
water 
vapor 

Time 
in  air 

Tank  specimens 

Lake  specimens 

Series 
No. 

7  days 

28 
days 

1  year 

5  years 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated by 
tank 
speci- 
mens at 
1  year 

2  or  3 
years 

5  years 

Percent- 
age of 
normal 
strength 
as  indi- 
cated by 
tank 
speci- 
mens at 
5  years 

1146 

287 

287 
287 
287 
287 

204 
204 

204 

204 

204 

19 
19 
74 
74 
74 
74 
74 
86 
86 
86 
86 

129 

129 
129 
129 

18 
18 

18 
18 

18 

Yt  Portland  A, 
V2  Portland  B. 

do 

do. 

do 

0.62 

.62 
.62 
.62 
.62 

.62 
.65 

.69 

.74 
.86 

.64 
.67 
.62 
.76 
.85 
.93 

1.09 
.78 
.87 
.95 

1.09 

.64 

.62 
.62 
.62 

.59 
.74 

.59 

.74 

.74 

None 

Hours 
24 

24 

24 
24 
24 

24 
24 

24 

24 

24 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

24 

24 
24 
24 

24 
24 

24 
24 

24 

Days 

20 

20 
20 
20 
20 

20 
20 

20 

20 

20 

20 
20 
20 
20 
20 
20 

Hours 

"F. 

Days 

35 

35 
35 

35 
35 

35 
35 

35 

35 

35 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

35 

35 
35 
35 

35 
35 

35 
35 

35 

Per 
cent 

5.3 

2.8 
2.4 
2.0 
1.8 

5.9 
6.1 

6.5 

7.6 

9.9 

9.9 
9.7 
6.3 
7.3 
7.1 
9.1 
8.4 
6.8 
6.7 
7.6 
7.3 

6.3 

4.7 
4.1 
3.7 

5.9 
6.8 

5.8 
7.6 

7.3 

Lbs. 

per 

sq.  in. 

4,280 

4,580 

•1.  Hill 
4,  181) 
3,  3111) 

3,450 
3,510 

3,240 

3,430 

3,050 

1,420 
1,150 
3,130 
2,710 
2,430 
1, 930 
1,440 
3,330 
3,000 
2,710 
2,280 

3,570 

3,370 
3,370 
3,020 

2,520 
1,900 

4,110 
3,240 

2,710 

Lbs. 

per 

sq.  in. 

5,960 

5,260 
5,  990 
5,530 
4,720 

4,440 
4,480 

4,710 

4,360 

4,220 

2,240 
1,250 
4,890 
3,830 
3,450 
3,350 
2,670 
4,690 
3,  850 
3,770 
3,3S0 

4,760 

4,700 
4,580 
3,980 

4,200 
3,210 

4,510 
3,340 

2,820 

Lbs. 

per 
sq.in. 

Lbs. 

per 
sq.  in. 

Lbs. 

per 

sq.  in. 

Lbs. 

per 

sq.  in. 

Lbs. 

per 

sq.in. 

1147 

1  per  cent  oil 

2  per  cent  oil 

4  per  cent  oil 

8  per  cent  oil 

None 

1148 

1149 

_  ... 

1150 

do 

771 

do 

5,870 
6,010 

5,370 

5,510 

4,980 

3,  850 
1,810 
6,  01111 

5,  790 
5,260 
4,600 
4,270 
6,620 
6,170 

6,  060 

4,  090 

5,980 

5,320 
4,980 
4,630 

4,930 
5,450 

5,210 
4,440 

5,130 

0 

0 

0 

3.440 

0 
0 

0 

0 
0 

0 

772 

do 

do 

do 

do -. 

3. 75      per      cent 
Omicron. 

7.5  per  cent  Omi- 
cron. 

15.0      per      cent 
Omicron. 

30.0      per      cent 
Omicron. 

None 

773 

774 

62 
89 

56 

775 

3,740 
2,610 
6,430 
5,620 
5,540 
5,100 
4,740 
7,180 
5,410 
4,970 
4,990 

6,120 
5,670 

6,460 
5,560 

5,670 

4,430 

2,140 
0 
2,480 
5,040 
4,170 
4,400 
M.ill.n 
5,300 
4,140 
4,300 
3,810 

3,530 

3,750 
3,280 
2,420 

3,670 
2,900 

3,820 
3,600 

4,290 

»293 

do...- 

do. _- 

0 
0 
0 
2,810 
2,060 
3,510 
2,650 
2,940 
1,080 
2,570 
1,140 

0 

0 

0 

0 

0 

1,750 

1,300 

2,140 

1,830 

1,260 

0 

2,110 

1,620 

0 

0 

a  295 

10  per  cent  sulphur. 
None 

391 

do._ 

41 
87 
79 
96 
86 
80 
67 
71 
93 

59 

70 
66 
52 

74 
54 

73 

81 

84 

392 

do 

do 

do 

do 

Portland  I 

do 

do 

do-.. 

H  Portland  A, 
H  Portland  B. 

do... 

do 

do 

do 

33  per  cent  Trass.. 
do 

66  per  cent  Trass.. 
....do 

33  per  cent  Trass. . 
do 

66  per  cent  Trass  - 
do _ 

None 

31 

«392a 

23 

393 

42 

7  393a 

20 
20 

20 

39 

394 
«394a 

18 

395 

20 
20 

20 

20 
20 
20 

20 

42 

7  395a 

32 

554 

578 

1  percent  Truscon. 
2percentTruscon. 
4  per  cent  Truscon. 

None 

579 

0             0 

580 

0 

■  1,  910 

'  1, 970 

'  2,  380 
14,510 

'  3, 590 

0 

0 
0 

1,750 
1,760 

2,430 

177 

178 

do 

do 

do 

do 

20   per   cent   vol- 
canic ash. 
None 

20 

179 

48 
48 

48 

155 
155 

100 

27 

180 
181 

20   per   cent   vol- 
canic ash. 
--...do 

32 
34 

1 2-year  tests. 


5  Standard  Ottawa  sand  cylinders. 


»  Mix  1  :  4. 


7  Mix  1  :  5. 


86 


PUBLIC    ROADS 


Vol.  12,  No. 


o 


s 


s 


X 

< 

H 
Z 

O  1 

en    I 

<  5 
o  I 


h  oO  O1.  iO  iO  I--  -  iO  00  fl  O  CO  I-' 

OOt-lO-tTfC-IClr-l^lOr-llON 


•*f   tOC 

CO  CO  I 


-  o  •-.  1 
■*  i-  cot 


^'*0>OMOIOcO'tCOaiO(NCON' 

5  t-  to  N  f  a  t  O  t-i  ■/,■  a  r.  oo  gj  : 
.iCOOiCCIO'-KOt-O'^WVT)"!. 


"ONHM 

JO  O  rH   rH 

>OS  'fQOO 


t-~  <H-  — •  I-  CO  r-t 


r^  o 

CO  o 
to  t- 


■^COOO.       - 

»C  CO  (O  C)  t'  O  M  fj- 


CMt^-CXlCMCO'^'-Hr^C 
■  —  coco  i- 


:  — <  ~  , 


.  r-  ci  co  ro  x  t-  o  >c  -co  •'  . -  r  i  —  co  to  o  co  c 


:>o  to 


cor-r-  ao 

CO  t~-  CO  Ol 

COHrtOJ 


iO  1--  OJ  N  in  Ol 


•  CO  i-  tO  '»  C)  -f  X"f  iM  t  i»  CI  iO  ^  rH  QO  ©  ©  fl  C  t  X   O  tO  I  -  C)  -i-  0 


."tOOOtDii 


1     1     1     1     . 1— 1     .     . 

lit-*.!       ■    ■ 

i      l  C4      i      (      i      i      i 

i  i  ;  i  i  h  i  ; 

I   I  i   !   i   !   !   1  ca  I   ! 

!    !  o    !    '    >    '    ' 

i    i    ■    i        .  6    i    i 

.         1         1         1         1         1     Q)         ,         1 

j   !   ]   !   !   !   !   lS   i   ! 

:  \z  j  :  ;  ;  : 

;  |  ;  i  j  jr  |  : 

^^OMM'NnOOWM^MfS^O^^NMrtONiO^M'i'COiOWOcO^^^MWC^ui^rt^OM^N^N 


^^kCCOTf<C^MOO^M^«MiC^^^C^COCO^NiO^Tf<^WiOC)^«^TfTj(^MOTj<iC^« 


<05 


P^    .2 


<^  § 


£  o 


cs  t^ 

co  x 

-r  cs 


— i  CO 


CO  -t- 

O  -P 

cu  to 


O  I-  rH 
C)  I-  ci 


coco 

r-l  r- 

cs"o 

-h  to 


O  O  r-  •** 
O  XJ  CO  to 

OuOOM 


i  o 

tH     ! 

i  o 

CO       I 

i  CO 

f    1 

to  -H 
f  '--. 
os  ci 


--         IriCO 


■X  OS  < 

os'co*  ; 


i  CM 

o    I    ! 

i  to 

i  o 

•  o 

co    ■     ■ 

'  OS 

CO       1        1 

CS      i      i 

HO  i  to  tO 

tOl-  itTI- 

CM*  I-  i  I-  -4 

CO  <-t  i  -f  to 

IM-^  i  tO  CO 


-t  <r.  rHcoooHt^ooi'^m'rco^ot'rtoOH^cooO'O'ratc^HoocooC'OcCNHcocoH^LO-j'ooNn 

3  CO"  CM*  o" tO*  CO* O* tO*  I--*  X* O  X*  CI  X* 05  t  O*  -f" X*  Cl" OS  io  o" tO* CN  CO* O  —T to" to" oT to" co" Oi" Ci" O*  to"  I  -  to" 


0>  tC  tO  CN  C)  ■■ 


3  M  CO  CO  lO  O  O  Tf  lO  O  '/J  T-  CI  I  -  C  /i  ^  I  /'  M  *  CI  H  O  H  W  CO  -f  N  CO  r-HO  GO  >0  00  O  O  O 


— '  —  ^fcO-^-f        ■*J'COCMCOCNiOt-COtCC-liOl-'-'tOiMQOCMO         HrtHHaOHCOOsOiOHCOa  OMh  HNij  WcOH 


X  Cl  O 

oco-o 
os  to  w 

OONrf^il*        tH        SOOM 
t/j  O  T-  C)  O  CI         O        tPOOI~ 
nONNQU]        CO        XOOCO 

tO  3  O  O 

f  ooo 

CO  I-  iO  'O 

O  CO             o 
to  CO              CO 
tDCI               o 

T*    f^    tO 

X.  tO-  1  - 
tO  OS  X 

CS^  to  tO  ^ 

r-i        ,-t  tO  -^  CO^CN^CN        CM  tT 

.-1  tO  ^^CN 

tO   rH  t~ 
CM 

CO  to 
■  r.  31 
t-  tO 
CN  CO 


rr-     &"  rt    C" 

5  a'""3  3 


CM  OS  CO  to  to  CO  t-  iO  CN  CI  O  -T-  X  — <  CO  30  O  00  r-  .OS  — '  -O  -— i  CS  CI  CI  CO  --*  f-  O  -f  tO  r-'  O  t-  O  t—  i-h  CI  iO  X   ~.  —i  X.'  .OS  /}HiOO 
os  — i  r~-  cm  o  to  >o  i-  o  -o  ci  ro  o  —  co  -*•  o  x  -r  x  .— <  t  -  'O  r  -  ci  ^  i  -  ro  x  r-  >  -  x  to  cj  r,  rt  ^  -n  oo  '3i  -■  n  ci  •-■  -r  i  -  ^  o  co 

TOWH.XOrtHOX^'XO-f  t"f*-O'l"Hi0H00f  Ol'C)»Cli'OS^1'NiONNOOHOiOOOMO»0!0 


-  o  t-~  O  ^t-  to  CO  l 


-  O  -v  to-  X'  r-i  ci  co  os  r-  os  ,— i  o  «o  os  O  — '  to-  co  i-<  -— i  ci  x  co  to  to  nr-r-  ■■"  ~s  io  co'  i  — r  r^  os 

-•      -  rf  CO  O  O  ri  iO  rH  CO  f  C  I  -  C.  X  '-O  I  -  CO  I-   X   ~s  OS  CI  CO'  ~r  O  ■— t  C-l  Ol-I-  tC  -O  r-  -r  CS 
'lOi-iQS'O^COOOOOO'^CON-tiOCSOOHOI'riiONiO-'XNOCOCO'^'O 


C^  i)  to  b.  a 

OS'S  IP 


rH       l  I  I  IO 

(&      <  ■  I  i  CO 

>  ■  I  I  OS~ 

I  ■  I  .  ^f 


r-l        I  OS  OS  CM 


i  CO      '>      ■ 

1     1  -t-     1 

!o 

CO      ■      ■ 

i      i  io  to     ' 

!cm    I    !    ! 

'       '  CO  O      i 

I        -  CO       i 

i  co 

CO       i       i 

>      '  CO  to     i 

ICO      1      1       1 

I       r  OS       ' 

i  Os 

to     ■ 

I       i  I  -  CM       i 

'  CN      '      >      * 

.       i  tO       i 

i  CO 

"",    !    1 

I        i  CO  ^        ' 

tO      i      r  i  O 

O      i      i  i  to 

|-  I  I  .    TT- 

!  !co 


*s2~ 

fl00« 

■3.9  E.2 
o  a-2-c 


:  ~-  i^  r  ri  -r  ^  a;  co  -r  r.  X'  ^  i-  ^  t-  to  r-  c-i  ^  i  -  c;-  x  r;  o  o  ■-  n  i  -  ?*  o  —  x  ~.  r  -i  ^t  ^  ^r  c-j  ^  o  x 


TON«/-C^:iDO1'NOTl'NM,^H0:00H^H00irO' 


-r.*^i^i.wn»r-c  X'  c-.  o  ci  —  x  o  o 


'tO^HCOKNNNOOOOL-'fOO^OtOOONO         (NHaTjNHNWtDMHNNOPWHOMOOOrHrt 


^H  ^H  CJ  -H  ^-l 


i-l  M  ^         CC^H 


flj  q  o  Rw 

H"S-2tj 


lOCOO; 
.    NMX- 

co  cm  r~  to 


tr-cor/  —   o 


i  ClOSC 

i  -r  -r  : 
ftO  CO  c 

'  CI*  C* 
i  I--  CO 

I  C4  rH 


X  OS  C 

O  C  i  I 


-r  io  cs  r-  cs  to 

f  1-clHINN 
00  iO  OS  t-  ^f  to 

r-"co"x*  cs'co" 

COffliCOI- 
Cl  CN  r-  -  O 


tOOXCOnXO^iOC 


OOiOnf-l  X  (O  - 
tO  tj*  CO  Tfi  CO  X  'O  ' 
OtOTt-CSXiOH 


CO  CO  CO  Tjl         I   rH 


r-i    -f  CO    COCO 


rH    rH   CM   CO  -H 
O   rH  O  O  CO 

OS  O  .  -  tO  CO 


■1  >  -. 
■~  — 
: :  M 


ci  -h  co  ci  rH  i  — rxoi-ocoftcico 
■  -  - 1  re  ~  i ■  o  —  T.  i  -  to  -h  x  —  ro 

fOl-"dOH!OCOCHr.NTf(OX 


o  r-  c 

— '    -f    C 

CO  C^  I 


1^  OS  00  rH   t^.  IO 


lag 

<<< 


fiOO 

QUO 


C3  cj.„ 
»^  8.2 


o«  te  °  ° 

--'O  p  «  <D 


g'3  M 


jfOt-oinHn- 


lOOQCNtDTC^. 


O*  rH  WH 


Bs'i 


5  2-sSl 


a  a 


3  Ho  S 


a  o3        -  « 


HtONIOiOiCO 
-I   O  X   CI  to  O  I- 

OiOiOOOON 


co  ■*  cs  to  r^  •<*•  to 


ad 


O  rJ 


.^J-g  £  I  £  I  £  fe  SS3  £  §2  g  g  g|  «  g  ffS  g^  &^ 


May,  1931 


PUBLIC    ROADS 


87 


03   g 

Oj  g 

a 

"SJ     2g 

■o 

o 

City  fu 
s  for  col 

ate  gene 
per  gall 

o 

°a 

03 

J* 

8s 

.5? 

CO 
OS 

o 
w 

o 

3 

S% 

a  c  w 

n  f  a 

a 

o 

a 

SB 

o  •£ 

New  York 
distribute 
d,  $8,686. 
fees)  to  St 
d  3J.<>  cents 

03   O 

o  o 

K  o 
03o 

g 

$1,421,314  to 
returned  to 

itenance  fun 
$652  (license 

istillate  taxe 

o£ 

>  o  X 

03q  0) 

on'3 

^~G 
oo  03 

to 

T3 

o 

o 
C 

o  G  2      &  o 
"-op     v  •% 

C   «   t-  G   to 

££ffl  So-h  53  g 

-0   CS     .OU 

83sl!f 


^S5  qv,  M.O 


03  io  T3  hoTIo.     ^ 

G£aJ§'§  9~  £  -2 
«o  S'O  - 


5 


-  .      '  OS  t*^  fl 
03  O   O   C3  g   0^3^      - 


a  cfe  °  g  &  >>£  a  a 


o  ">3!  S'S  ■-  d"5>  & 


Jo 


t-  ta- 
rn °° 

CO 


■2     5     g>g3 

(D      -  CO         *—  CO   0J 

t.  ,3  a  _-  o  t  is 
S3  feS  °o-2 


0     .2.2  ' 


J  S  ™J-S ""  x «»  3  S  "^  's  S  a>  S  •-  S  H" 

S|8aa§|5SPa».|S§riS|3l,sist 


o 


rg  S-a  =3  3  3-  gs  g,  s  "2-5  i  zs-o^MM 


ROAD  PUBLICATIONS  OF  BUREAU  OF  PUBLIC  ROADS 


Applicants  are  urgently  requested  to  ask  only  for  those  publications  in 
which  they  are  particularly  interested.  The  Department  can  not  under- 
take to  supply  complete  sets  nor  to  send  free  more  than  one  copy  of  any 
publication  to  any  one  person.  The  editions  of  some  of  the  publications 
are  necessarily  limited,  and  when  the  Department's  free  supply  is  ex- 
hausted and  no  funds  are  available  for  procuring  additional  copies, 
applicants  are  referred  to  the  Superintendent  of  Documents.  Govern- 
ment Printing  Office,  this  city,  who  has  them  for  sale  at  a  nominal  price, 
under  the  law  of  January  12,  1X95.  Those  publications  in  this  list,  the 
Department  supply  of  which  is  exhausted,  can  only  be  secured  by  pur- 
chase from  the  Superintendent  of  Documents,  who  is  not  authorized 
to  furnish  publications  free. 


ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1924. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1925. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1927. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1928. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1929. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1930. 


DEPARTMENT  BULLETINS 

No.  *13t3D.   Highway  Bonds.     20c. 

*347D.    Methods   for   the    Determination   of  the    Physical 

Properties  of  Road-Building  Rock.     10c. 
*532D.  The  Expansion  and  Contraction  of  Concrete  and 

Concrete  Roads.      10c. 
*583D.   Reports   on    Experimental    Convict    Road    Camp, 

Fulton  County,  Ga.     25c. 
*660D.   Highway  Cost  Keeping.     10c. 

1216D.  Tentative  Standard  Methods  of  Sampling  and 
Testing  Highway  Materials,  adopted  by  the 
American  Association  of  State  Highway  Offi- 
cials and  approved  by  the  Secretary  of  Agri- 
culture for  use  in  connection  with  Federal-aid 
road  construction. 

1279D.  Rural  Highwav  Mileage,  Income,  and  Expendi- 
tures 1921  and  1922. 

1486D.   Highway  Bridge  Location. 

DEPARTMENT  CIRCULARS 

No.    331C.   Standard  Specifications  for  Corrugated  Metal  Pipe 
Culverts. 

TECHNICAL  BULLETIN 
No.       55T.   Highway  Bridge  Surveys. 


MISCELLANEOUS  CIRCULARS 

No.      62M.  Standards   Governing    Plans,    Specifications,    Coi 
tract    Forms,    and    Estimates    for    Federal- Aid 
Highway  Projects. 

*93M.   Direct  Production  Costs  of  Broken  Stone.     25c. 

109M.  Federal  Legislation  and  Regulations  Relating;  to  the 
Improvement  of  Federal-Aid  Roads  and  National 
Forest  Roads  and  Trails,  Flood  Relief,  and  Mis- 
cellaneous Matters. 

MISCELLANEOUS  PUBLICATIONS 

No.       76MP.   The   Results  of    Physical  Tests  of    Road-Build- 
ing Rock. 

SEPARATE  REPRINTS  FROM  THE  YEARBOOK 

No.  *914Y.   Highways  and  Highway  Transportation.     25c. 
937Y.    Miscellaneous  Agricultural  Statistics. 
1036Y.   Road    Work    on    Farm    Outlets    Needs    Skill    and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State   Highway 

System  of  Ohio.  '   (1927) 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

Vermont.      (1927) 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

New  Hampshire.      (1927) 
Report  of  a  Plan  of  Highwav   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio.      (1928) 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

Pennsylvania.      (1928) 

REPRINTS  FROM  THE  JOURNAL  OF  AGRICULTURAL  RESEARCH 

Vol.  5,  No.  17,  D-  2.  Effect  of  Controllable  Variables  upon 
the  Penetration  Test  for  Asphalts  and 
Asphalt  Cements. 

Vol.  5,  No.  19,  D-  3.  Relation  Between  Properties  of  Hard- 
ness and  Toughness  of  Road-Building 
Rock. 

Vol.  5,  No.  24,  D-  G.  A  New  Penetration  Needle  for  Use  in 
Testing  Bituminous  Materials. 

Vol.  G,     No.     6,  D-  8.   Tests  of  Three  Large-Sized  Reinforced- 

Concrete  Slabs  Under  Concentrated 

Loading. 
Vol.  11,  No.  10,  D-15.   Tests  of  a  Large-Sized  Reinforced-Con- 

crete    Slab    Subjected    to    Eccentric 

Concentrated  Loads. 
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SUBGRADE    SOIL    CONSTANTS,   THEIR   SIGNIFICANCE, 
AND  THEIR  APPLICATION  IN  PRACTICE 


Reported   by   C.   A.   HOGENTOGLER,   Senior   Highway   Engineer,  A.  M.  WINTERMYER,  Assistant   Highway   Engineer,   and   E.  A.   WILLIS,    Assistant 

Highway  Engineer,  United  States  Bureau  of  Public  Roads 

PART  I:  THE  PHYSICAL  PROPERTIES  OF  SOILS  AND  THEIR  EFFECT  ON  SUBGRADE  PERFORMANCE  l 


PRACTICAL  information  on  the  subject  of  sub- 
grades  is  naturally  divided  into  two  classes:  That 
which  relates  to  the  study  of  the  soil,  and  that 
which  relates  to  the  practical  utilization  of  the  results  of 
soil  studies  in  the  design  and  construction  of  roads. 
The  former  is  of  interest  primarily  to  the  subgrade  test- 
ing engineer  while  the  latter  is  of  interest  to  every  en- 
gineer who  is  now  engaged  in,  and  every  engineering 
student  who  ever  expects  to  engage  in,  the  construction 
of  works  on  the  earth's  surface. 

The  subgrade  testing  engineer  who  makes  the  studies 
must  be  familiar  with  the  detailed  procedures  for  making 
the  subgrade  surveys,  the  simplied  subgrade  soil  tests, 
and  the  more  elaborate  Terzaghi  tests.  He  must  under- 
stand the  complete  significance  of  the  various  tests  and 
the  particular  tests  to  be  used  for  various  purposes.  The 
designing  engineer  requires  only  a  superficial  knowledge 
of  the  significance  of  the  various  tests  and  the  procedures 
for  making  them.  His  special  interest  lies  in  the  utili- 
zation of  the  test  results  to  increase  the  stability  and 
permanence  of  the  structures  with  which  he  has  to  deal. 

During  the  past  few  years  the  Bureau  of  Public 
Roads,  by  means  of  published  reports,  lectures,  and  ex- 
hibits, has  made  known  to  the  interested  public  the 
progress  of  its  subgrade  studies.  These  researches  have 
now  reached  a  point  where  it  is  desirable  to  coordinate 
and  summarize  the  results  obtained. 

The  present  report,  of  which  the  first  part  is  pub- 
lished in  this  issue,  consists  of  three  major  divisions: 
(1)  A  discussion  of  soil  properties  important  with  re- 
spect to  subgrade  performance,  (2)  the  significance  of 
the  simplified  soil  tests  for  disclosing  the  presence  of  the 
important  subgrade  soil  properties,  and  (3)  the  practical 
utilization  of  subgrade  soil  tests  in  practice. 

The  first  division,  which  is  intended  primarily  for  the 
designing  engineer  and  the  engineering  student,  is  in- 
cluded in  Part  I.  In  this  part  of  the  report  the  authors 
attempt  in  as  simple  a  manner  as  possible  to  disclose 
the  relation  between  the  vehicle,  the  road,  and  the  sub- 
grade  groups  which  have  been  suggested  in  a  previous 
report  and  to  discuss  in  a  consistent  order  the  various 
physical  principles  controlling  the  performance  of  the 
subgrade.  An  effort  is  made  to  show  (a)  that  the  sub- 
grade  instead  of  the  pavement  really  supports  the  wheel 
load,  (b)  that  the  manner  in  which  the  subgrade  sup- 
ports the  wheel  load  depends  upon  its  reaction  to  both 
load  and  climatic  changes,  (c)  that  these  reactions  de- 
pend upon  the  five  basic  physical  characteristics  of 
soils,  to  wit,  cohesion,  internal  friction,  compressibility, 
elasticity,  and  capillarity,  (d)  that  these  physical  char- 
acteristics control  such  important  performances  of  sub- 
grades  as  shrinkage,  expansion,  frost  heave,  the  settle- 
ment of  fills,  sliding  in  cuts  and  lateral  flow  of  soft  un- 
dersoils, (e)  that  these  physical  characteristics  are  fur- 
nished by  soil  constituents  easily  identified  in  the  lab- 
oratory and  (/)  that  subgrades  may  be  arranged  in 
definite  groups  according  to  the  characteristics  of  the 
soil  constituents. 


IMPORTANCE  OF  SUBGRADE  SOIL  CONSTANTS  DISCUSSED 

A  subgrade  soil  test  result  may  be  defined  as  a 
measure  of  the  degree  in  which  a  particular  physical 
characteristic  is  exhibited  when  a  soil  is  tested  accord- 
ing to  some  arbitrary  procedure.  A  subgrade  soil  con- 
stant may  be  either  a  test  result  as  such  or  the  result 
of  a  computation  involving  the  use  of  several  test 
results. 

The  subgrade  soil  constants  to  be  employed  bene- 
ficially in  practice  must  serve  to  disclose  the  existence 
of  those  subgrade  properties  which  exert  an  important 
influence  upon  the  service  rendered  by  road  surfaces. 

In  order  that  subgrade  soil  constants  may  perform 
this  service,  one  must  have  some  conception  of  (a) 
those  physical  characteristics  of  subgrade  soils  which 
have  an  important  bearing  on  the  serviceability  of 
road  surfaces,  (b)  the  influence  exerted  by  the  condition 
in  which  the  soil  exists  and  the  character  of  its  constitu- 
ents upon  the  important  subgrade  soil  properties,  (c) 
the  laws  which  control  the  physical  characteristics 
possessed  by  subgrade  soils,  and  (d)  the  degree  to 
which  subgrade  soil  constants  disclose  the  presence  of 
important  subgrade  characteristics. 

Information  of  the  character  referred  to  is  furnished 
by  the  subgrade  investigations  and  the  reports  regard- 
ing them  supplemented  which  have  been  published  at 
different  times  in  Public  Roads  and  elsewhere.  These 
reports  are  listed  in  the  bibliography  included  as  part 
of  this  report. 

While  there  is  no  intent  to  minimize  in  any  manner 
the  important  influence  exerted  upon  the  properties  of 
the  soil  by  the  state  in  which  it  exists,  this  report  dis- 
cusses primarily  those  properties  characteristic  of  the 
raw  constituents  of  soils  regardless  of  state,  and  the 
importance  of  those  properties  with  respect  to  road 
construction. 

It  should  be  remembered  that  the  suggested  sub- 
grade  groups  are  based  upon  subgrade  performance. 
As  additional  information  becomes  available  it  might 
be  desirable  to  subdivide  certain  of  the  groups  with 
respect  to  the  degree  in  which  the  subgrades  possess 
particular  properties,  but  the  main  groups  are  not 
likely  to  change  in  definition.  The  test  constants 
which  are  being  suggested  as  a  means  of  identifying 
the  members  of  the  various  groups  are  in  a  state  of 
development  and  can  not  be  considered  as  final.  How- 
ever, these  constants  and  the  scheme  suggested  for  their 
use  constitute  the  most  logical  method  of  soil  identifi- 
cation yet  disclosed  by  the  bureau's  subgrade  investi- 
gations. This  material  is  presented  at  this  time  not  as 
a  final  and  conclusive  treatise  on  soil  identification,  but 
rather  as  a  rational  method  by  means  of  which  the 
usefulness  of  test  constants  may  be  intelligently 
investigated. 

Italic  figures  in  parentheses  (  )  used  in  this  report 
refer  to  reports  listed  in  the  bibliography  which  furnish 
the  material  being  discussed. 


'  Parts  II  and  III  of  this  article  will  appear  in  the  July,  1931,  issue  of  Public  Roads. 
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Figure  1. — Spheres  2  Inches  in  Diameter  Arranged  in  Loose  State,  Six  Points  of  Contact  (A)  and  in  More  Consolidated 

State,  Eight  Points  of  Contact  (B) 


Procedures  for  determining  the  different  constants 
and  for  making  subgrade  surveys  and  mapping  subgrade 
soil  profiles  are  being  prepared  for  publication  at  a  later 
date. 

BOTH    SUPPORTING    VALUE    AND    MOVEMENT    OF    SUBGRADE 
IMPORTANT  IN  ROAD  CONSTRUCTION 

In  order  to  appreciate  the  importance  of  the  sub- 
grade  in  road  construction  one  has  only  to  remember 
that  instead  of  the  road  surface,  the  ground  or  subgrade 
beneath  really  supports  his  pleasure  car,  truck,  or  other 
vehicle.  The  road  surface  or  pavement  merely  dis- 
tributes the  vehicle  weight  over  areas  larger  than  those 
furnished  by  the  tires  alone. 

Our  high-class  pavements,  even  the  most  substantial, 
when  robbed  of  this  ground  support  for  appreciable 
distances,  say  15  or  18  feet,  break  of  their  own  weight 
and  when  unsupported  for  even  short  distances  they 
become  unable  to  withstand  the  weight  of  motor  cars. 

Thus  the  road  surface  furnishes  only  a  smooth  top  on 
the  natural  ground  surface  and  in  order  to  accomplish 
this  purpose  two  conditions  must  be  fulfilled:  The 
road  surface  must  distribute  the  weight  or  impact  deliv- 
ered by  motor  vehicle  wheels  over  an  area  sufficient  to 
prevent  appreciable  depression  of  the  ground  beneath 
the  pavement,  and  the  ground  beneath  the  pavement 
must  be  prevented  from  moving  an  amount  sufficient 
to  deform  the  road  surface  seriously.  Otherwise,  the 
road  surface  will  fail. 

When  designing  a  highway  the  engineer  is  called  upon 
to  furnish  a  structure  which,  first,  will  resist  the  wear 
and  tear  caused  by  fast-moving  motor  wheels,  second, 
will  distribute  wheel  weights  and  impacts  so  as  to  pre- 
vent deformations  which  would  be  detrimental  to  either 
the  road  surface  or  the  subgrade  and,  last,  will  resist 
natural  forces  to  such  an  extent  that  their  effect  as 
manifested  through  subgrade  movement  will  not  be 
detrimental.  In  order  to  do  this  most  economically,  he 
must  be  cognizant  of  (1)  the  wheel  loads  and  impacts 
to  be  resisted,  (2)  the  relative  ability  of  pavements  to 
spread  or  distribute  wheel  loads,  (3)  the  safe  load  the 
subgrade  will  support  without  depressing  a  detrimental 
amount,  and  (4)  the  movements  likely  to  occur  in  the 
subgrade  due  either  to  climatic  influences  or  to  other 
causes.     Only  then  is  the  engineer  in  a  position  to  trans- 


form his  road  appropriations  into  the  greatest  mileage 
of  serviceable  highways. 

It  becomes  evident,  therefore,  that  in  addition  to 
studies  of  traffic  weights  and  intensities  and  of  pavement 
properties,  none  of  which  are  discussed  in  this  report,  it 
is  of  great  importance  to  investigate  both  the  load-carry- 
ing properties  of  the  subgrade  and  those  soil  character- 
istics which  control  subgrade  movements  other  than 
those  caused  by  vehicular  loads. 

VOIDS  RATIO,  VOLUME  CHANGE,  MOISTURE  CONTENT,  AND 
POROSITY  EXPLAINED 

It  is  necessary  at  this  point  to  define  certain  terms, 
with  full  explanations  of  their  significance.  While  the 
engineer  who  seeks  only  a  general  knowledge  of  subgrades 
may  never  have  to  use  them  in  tests  of  his  own,  it  is  essen- 
tial to  an  understanding  of  the  subject  that  he  know  the 
precise  meaning  of  the  terms  "voids  ratio,"  "volume 
change,"  "moisture  content,"  and  "porosity,"  which 
have  to  do  with  those  changes  in  soil  state  that  affect 
the  performance  of  subgrades. 

A  soil  mass,  or  soil,  as  generally  termed,  consists  of 
both  soil  particles  and  pores.  When  a  soil  mass,  due  to 
change  in  either  moisture  content  or  degree  of  con- 
solidation, either  increases  or  decreases  in  volume,  only 
the  void  volume  or  the  pore  space  is  assumed  to  change, 
the  volume  of  the  soil  particles  remaining  constant. 

The  density  which  controls  in  a  large  measure  the 
supporting  value  of  the  soil  depends  upon  the  ratio  of 
pore  volume  to  cither  soil  particle  or  soil  mass  volume. 
The  test  constants  which  represent  either  the  moisture 
contents  of  soils  when  in  particular  states,  or  the  changes 
in  moisture  content  caused  by  changes  in  soil  states, 
indicate,  among  other  things,  the  density  of  the  soil. 

In  order  to  visualize  the  soil  states  indicated  by  the 
constants  and  by  the  different  degrees  of  soil  density 
one  must  thoroughly  understand  the  significance  of  the 
terms  "voids  ratio,"  "moisture  content,"  and  "poros- 
ity," which  disclose  the  relation  of  pore  volume  to  soil 
particle  volume  in  the  soil  mass. 

Voids  ratio. — This  term  is  defined  as  the  ratio  of  the 
volume  of  voids  to  the  volume  of  soil  particles  in  a  soil 
mass  (1),  i.  e.,  the  volume  of  the  voids  or  pores  per 
unit  volume  of  soil  particles  in  a  soil  mass. 
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Thus  if  e  =  voids  ratio ; 

Vv  =  volume  of  voids ; 

V,  =  volume  of  soil  particles; 


«  =  • 


V 


(1) 


and  e+l=  total  volume  of  soil  mass  per  unit  volume 
of  soil  particles  in  the  mass. 

The  voids  ratio,  e,  varies  with  (1)  variation  in  degree 
of  compaction,  the  number  of  soil  particles  remaining 
constant,  (2)  increase  or  decrease  in  moisture  content, 
the  number  of  soil  particles  remaining  constant,  and 
(3)  increase  or  decrease  in  total  number  of  soil  particles, 
the  volume  of  the  soil  mass  remaining  constant. 

To  illustrate  the  significance  of  the  voids  ratio, 
assume  216  spheres  to  be  arranged  as  shown  in  Figure 
1,  A  in  a  container  1  cubic  foot  in  volume  and  a  rec- 
tangular parallelepiped  in  form. 

The  combined  volume  of  the  voids  and  the  spheres 
representing  that  of  the  soil  mass  equals  that  of  the 
container,  1,728  cubic  inches. 

The  volume  of  the  spheres  is  given  by  the  equation, 

4 
Vs  =  gTrr3  X  216  =  904.8  cubic  inches 

The  volume  of  voids  is  the  difference  between  these 
two  volumes, 

Vv=  1728 -904.8  =  823.2  cubic  inches 

Hence  the  voids  ratio, 

e  =  90O  =  0-910 

By  a  rearrangement  of  the  spheres  the  voids  ratio 
may  be  changed.  This  is  illustrated  by  placing  the  216 
spheres  in  a  container  which  is  an  oblique  parallelepiped 
in  form,  as  shown  in  Figure  1,  B. 

In  this  case  the  volume  of  the  container  is  equal  to 
the  product,  12X12.31X10.66  =  1,575  cubic  inches. 
Vv=  1,575  —  905  =  670    cubic    inches;    and    the    void' 

n  *j  r\  S 

ratio,  e  =  _  =o  740 
905 

Volume  change. — This  term  is  defined  as  the  change 
in  the  volume  of  a  soil  mass  due  to  change  in  the 
state  of  consolidation  of  the  soil  particles.  Volume 
change  is  expressed  in  percentage  of  the  volume  of  the 
soil  mass  either  before  or  after  change  in  the  state  of 
consolidation. 

Thus  when  a  soil  changes  from  one  state  of  consolida- 
tion indicated  by  a  volume  equal  to  V,  to  a  different 
state  of  consolidation  indicated  by  a  volume  V2,  C\ 
is  the  volume  change  in  percentage  of  the  volume  of 
the  soil,  Vi)  and  C2  is  the  volume  change  in  percentage 
of  the  volume  V,.     Thus 

(7,  =  ^— 2X100 

C2=Fl^—  xioo 

V2 


Figure  2. — 108  Spheres  Arranged  With  Six 
Points  of  Contact  on  Each  Sphere,  Voids 
Ratio  Equal  to  that  of  the  216  Spheres 
Shown  in  Figure  1,  A 

If  the  spheres  shown  in  Figure  1,  A  are  assumed  to 
represent  a  state  of  consolidation  indicated  by  V{ 
and  those  shown  in  Figure  1,  B  are  assumed  to  repre- 
sent a  state  of  consolidation  indicated  by  V2,  the  volume 
change  obtained  by  changing  the  arrangement  of  the 
spheres  from  that  shown  in  Figure  1,  A  to  that  shown 
in  Figure  1 ,  B  is  given  by  the  formula, 


a= 


ZyZ?  x  100  =  l>™  57^575  x  100  =  9.7  per  cent 


This  method  of  computing  volume  change  may  be 
used  whenever  the  volume  of  the  soil  mass  but  not  the 
number  of  soil  particles  changes. 

When  a  soil  changes  from  any  wet  state  indicated 
by  a  volume  equal  to  V  to  the  thoroughly  dried  state 
indicated  by  the  volume  equal  to  V0,  C  is  defined  as 
the  volume  change  in  percentage  of  the  volume  of  the 
soil  in  the  wet  state  and  C0  is  defined  as  the  volume 
change  in  percentage  of  the  volume  of  the  soil  in  the 
dry  state.      Thus 


C= 


v 


x 100;  and 


V—  \T 

C0  =  ~^xioo. 


(2) 


Thus,  for  instance,  the  volume  change  which  occurs 
when  soil  cakes  in  the  laboratory  are  changed  from  the 
wet  to  the  dry  state,  as  in  shrinkage  tests,  is  given  by 
this  formula. 

In  case,  however,  one  desires  to  compute  the  volume 
change  when  both  the  degree  of  consolidation  and  the 
number  of  soil  particles  change  he  must  of  necessity 
employ  the  voids  ratio,  which  is  expressed  in  unit 
values. 

Assume,  for  instance,  that  the  arrangement  of  the 
spheres  shown  in  Figure  1,  A  remains  the  same  but  that 
the  number  of  spheres  is  reduced  to  108  as  shown  in 
Figure  2.  The  volume  of  the  container  is  reduced  by 
one-half  but  the  voids  ratio  of  necessity  remains  the 
same, 

864-452.4 

452.4  u.jiu 

Let  ei  equal  the  voids  ratio  possessed  by  the  108 
spheres  shown  in  Figure  2,  state  1,  and  e2  equal  the 
voids  ratio  of  the  216  spheres  shown  in  Figure  1,  B, 
state  2.  Then,  if  the  degree  of  consolidation  of  the 
spheres  is  changed  from  state  1  (figs.  1,  A  or  2)  to  state 
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2  (fig.  1,  B),  the  volume  change  of  the  container  or  soil 
mass  per  unit  volume  of  soil  particle,  expressed  in  per- 
centage of  the  volume  of  the  container  per  unit  volume 
of  soil  particle,  state  2,  is  given  by  the  expression, 


a= 


(i+gl)-(i+g2) 

1  +  e, 


100 


€i  —  e2 
l  +  e2 


X100_ 


0.910-0.740 
1  +  0.740 


X  100  =  9.8  per  cent 


(3) 


which  substantially  agrees  with  the  value  of  C2  obtained 
above,  the  difference  being  due  to  the  lack  of  decimal 
places  in  the  values  of  e. 

Moisture  content. — The  moisture  content,  w,  is  de- 
fined as  the  weight  of  moisture  in  the  soil  in  percentage 
of  the  weight  of  the  soil  particles. 

Thus,  if  Mw  is  defined  as  the  weight  of  the  soil  mois- 
ture in  grams  and  W0  as  the  weight  of  the  soil  particles 
(weight  of  thoroughly  dry  sample)  in  grams, 


■(4) 


w  =  ^X\00. 


To  determine  the  moisture  content  possessed  by  a 
soil,  the  soil  sample  is  weighed  first  wet  and  then  dry. 
Hence,  if  W  is  defined  as  the  weight  of  the  wet  sample 
(weight  of  soil  particles  +  weight  of  moisture)  and 
W0  as  the  weight  of  the  dried  soil  sample, 


and 


MV=W-W0. 


(5) 


W—  W 
w=      w     °X100 (6) 


Because  of  the  fact  that  1  cubic  centimeter  of  water 
weighs  1  gram,  the  weight  of  the  water  in  grams,  Afw, 
is  also  the  volume  of  water  in  cubic  centimeters.  The 
volume  of  the  soil  particles  in  cubic  centimeters  equals 
the  weight  of  the  soil  particles  in  grams  divided  by  the 
specific  gravity  of  the  soil  particles.     Thus,  if 

VB  =  volume  of  the  soil  particles  in  cubic  centimeters; 

and 

6?  =  specific  gravity  of  the  soil  particles;  then 

Wn 


F„=- 


G 


(7) 


Consequently,  wv,  the  moisture  content  of  the  soil 
in  percentage  of  the  volume  of  the  soil  particles  is 
given  by  the  equation, 

if 

W-Wo 
W0 

=  wG (8) 


X  100X67 


in  percentage  of  the  volume  of  soil  particles,  when  the 
voids  are  completely  filled  with  water,  we  have 


w„  =  eX100. 
and  by  substitution  of  wG  for  wv, 

wG 


(9) 


e  = 


100 


(10) 


Thus,  if  a  soil  sample  weighs  30  grams  when  wet,  25 
grams  when  dry,  and  the  soil  particles  have  a  specific 
gravity  of  2-5, 

Mw  =  W-  W„  =  30  -  25  =  5  grams ; 

Mw     ,nn     5X100     on 
iv  =  rrr  x  1 00  =  — ^H —  =  20  per  cent ; 

wv  =  wX  67  =  20X2.5  =  50  per  cent; 


100 


=  0.5. 


Porosity. — The  porosity,  P,  is  defined  as  the  volume 
of  the  voids  or  pores  in  a  soil  mass  in  percentage  of 
the  volume  of  the  soil  mass  (volume  of  soil  particles 
+  volume  of  the  voids).  Its  value  is  given  by  the 
formula, 

p=KTr:xl00=rTeX100 (») 

Thus,  for  the  soil  sample  referred  to  above, 

n  «       v1nn       0.5X100 

P  =  T,  -X100=    ,   ,  -  _    =33.3  per  cent. 
1  +  e  1  +  0.5  1 

For  the  spheres  shown  in  Figure  1,  A, 

0  91 
P=l  +  0  91  x  10°  =  47.6  per  cent 

and  for  the  spheres  shown  in  Figure  1,  B, 


P  = 


0.740 
1  +  0.740 


•100 


74 


1774=  42.5  per 


cent. 


Since  wv,  the  moisture  content  in  percentage  of  the 
volume  of  the  soil  particles  is  equal  to  the  void  volume 


It  has  been  shown  2  that  the  porosity  of  spheres  of 
ecpial  size  when  in  the  densest  possible  state  equals 
approximately  26  per  cent  and  the  corresponding  voids 
ratio  approximately  0.35. 

INFORMATION  FURNISHED  BY  SUPPORTING  VALUE  TESTS  LIMITED 

IN  SCOPE 

A  scrutiny  of  reports  on  experiments  dealing  with 
the  subject  discloses  a  diversity  of  opinion  as  to  the 
best  manner  not  only  of  measuring  but  also  of  express- 
ing the  magnitude  or  efficiency  of  the  support  furnished 
to  the  road  by  the  subgrade. 

Thus  the  "comparative  bearing  value"  of  soils  studied 
in  the  early  investigations  of  the  Bureau  of  Public 
Roads  (2),  the  "modulus  of  subgrade  reaction"  used  by 
H.  M.  Westergaard  (S)  in  his  discussions,  and  the 
"consistency"  of  soils  investigated  by  Charles  Terzaghi 
(1,  4)  are  ah  indicative  of  supporting  value  and  yet 
differ  widely  in  both  significance  and  scope. 

The  nature  of  the  comparative  bearing  value  test 
and  the  type  of  information  furnished  by  it  are  illus- 
trated in  Figure  3.  It  is,  in  brief,  a  simple  load-defor- 
mation, or  load-penetration  test  of  a  small  soil  sample 
held  in  a  container.     A  curve  is  drawn  which  shows 

s  Taylor  and  Thompson,  Concrete,  Plain  and  Reinforced,  second  edition,  1912, 
pp.  168-170. 
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Figure  3. — Apparatus  and  Type  of  Results  Furnished  by  Bearing  Value  Test 


how  much  a  given  load  will  deform  a  given  sample. 
Thus,  according  to  Figure  3,  a  load  of  4  pounds  per 
square  inch  causes  the  bearing  plate  to  penetrate  a 
particular  soil  sample  0.041  inch.  For  comparative 
purposes,  the  bearing  value  of  the  soil  was  assumed  to 
be  the  load  in  pounds  per  square  inch  required  to  pro- 
duce a  penetration  of  0.1  inch. 

Doctor  Westergaard's  modulus  of  subgrade  reaction 
may  be  defined  as  the  load  in  pounds  per  square  inch 
required  to  deform  a  perfectly  elastic  subgrade  1  inch. 
Thus  a  perfectly  uniform  and  perfectly  elastic  sub- 
grade  which  will  deform  0.01  inch  for  each  one-half 
pound  per  square  inch  of  pressure  applied,  has  a  mod- 
ulus of  subgrade  reaction  equal  to  50. 

The  Terzaghi  consistency  test  is  performed  on  a 
cylindrical  soil  sample  in  the  following  manner.  The 
sample  is  mounted  in  a  loading  machine  equipped  with 
a  micrometer  dial  for  measuring  deformations,  as 
shown  in  Figure  4.  Load  is  applied  slowly  to  a  prede- 
termined magnitude,  and  the  sample  is  allowed  to  de- 
form under  this  load  until  a  state  of  equilibrium  is 
reached.  During  this  period  of  constant  load  the  defor- 
mation is  recorded  as  a  function  of  the  time.  The 
load  is  then  removed,  and  applied  again  to  a  greater 
magnitude.  The  deformation  as  a  function  of  time  is 
recorded  for  this  load;  the  load  is  removed  and  applied 
a  third  time,  until  a  point  is  reached  (the  yield  point) 
where  deformation  is  continuous  without  increase  in 
load.  The  curve  in  Figure  4,  center,  shows  the  type 
of  load-deformation  curve  which  results  from  such  a 
test.  The  curve  at  the  bottom  shows  deformation 
plotted  as  a  function  of  time. 

It  is  evident  that  this  test  takes  into  consideration 
not  only  the  load-deformation  relation  which  the  com- 
parative bearing  value  test  was  designed  to  give,  and 
the  elastic  rebound  assumed  by  Westergaard,  but  also 
the  effect  of  time  on  the  deformation. 

Even  the  consistency  test,  however,  fails  to  supply 
complete  information  on  subgrade  support  which  should 
also  include  a  knowledge  of: 


1.  The  deformation  of  the  soil  as  influenced  by  («) 
the  magnitude  of  applied  load,  (b)  the  size  and  shape 
of  the  loaded  area,  and  (c)  a  surcharge  adjacent  to  the 
loaded  area. 

2.  The  relative  amounts  of  the  deformation  due  to 
(a)  lateral  displacement  of  the  loaded  soil  and  (b) 
compression  of  the  under  soil  without  lateral  displace- 
ment. 

3.  The  tendency  of  the  soil  to  remain  compressed  or 
rebound  upon  the  removal  of  load. 

Direct  bearing  value  tests,  both  in  time  and  effort 
required,  are  generally  too  elaborate  for  use  as  routine 
tests  for  subgrade  soils.  Consequently,  instead  of 
direct  tests  of  supporting  value  comparatively  simple 
tests  are  used  in  the  subgrade  investigations  to  disclose 
the  presence,  of  subgrade  characteristics  indicative  of 
three  properties  which  either  singly  or  in  combination 
control  the  many  types  of  deflection  produced  in  soils 
by  loading. 

These  properties  af  soils  may  be  defined  as  follows: 

1.  Stability,  the  property  of  resisting  lateral  flow 
when  loaded. 

2.  Compressibility,  the  property  of  compressing  ver- 
tically under  load  without  lateral  movement  and  with 
a  proportional  decrease  in  air  or  moisture  content. 

3.  Elasticity,  the  property  of  deforming  under  load 
and  rebounding  upon  the  removal  of  load  without 
changing  mositure  content. 

Figure  5,  top,  illustrates  the  character  of  deformation 
produced  by  loss  of  stability  in  soils.  Here  the  load 
displaces  the  soil  laterally.  The  deformation  due  to 
the  compressibility  of  soils,  illustrated  in  Figure  5, 
center,  consists  entirely  of  a  more  or  less  permanent 
consolidation  of  soil  particles  in  the  vertical  direction. 
Figure  5,  bottom,  illustrates  the  rebound  upon  the 
removal  of  load  in  elastic  soils. 

Loss  of  stability  may  cause  fills  to  slide,  clay  to  work 
up  into  the  interstices  of  base  courses  and  rutting  to 
occur  in  flexible  road  surfaces.  Examples  of  loss  of 
stability  are  illustrated  in  Figures  6  and  7. 
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Figure  7. — Effects  of  Lateral  Flow  in  Soils.  A. — Ridge 
of  Muck  Soil  Forced  up  by  Lateral  Flow  of  Soft  Under- 
soil Due  to  Weight  of  Fill  Material.  Ditch  Opened 
After  Upheaval.  B. — River  Bottom  Forced  Upward 
Due  to  Lateral  Flow  Under  Hydraulic  Fill.  C. — Slide 
in  Face  of  Cut 

stability  of  soils  controlled  by  the  combined  effect  of 
internal  friction  and  cohesion 

Stability  depends  upon  the  shear  strength  which  in 
turn  depends  upon  the  combined  effect  of  the  two 
mechanical  properties  of  sods,  internal  friction  and 
cohesion. 

The  magnitude  of  the  cohesion  possessed  by  a  soil  is 
independent  of  the  outside  pressure  acting  on  the  sod. 
It  depends  upon  the  stickiness  of  the  soil  grains  or 
their  resistance  to  being  pulled  apart  and  thus  consists 
of  the  true  cohesion  of  soil  particles  combined  with 
that  furnished  by  the  molecular  attraction  of  water 
(5,  6").  The  stickiness  of  the  clay  in  sand-clay  roads 
and  that  of  bituminous  materials  in  black-top  pave- 
ments represent  true  cohesion  of  materials.  The  very 
stable  support  furnished  racing  automobdes  by  beach 
sands  when  wet  compared  with  the  low  stability  of 


simflar  sands  when  dry  serves  to  illustrate  the  impor- 
tance of  that  portion  of  the  total  cohesion  furnished  by 
the  molecular  attration  of  water. 

Internal  friction,  the  magnitude  of  which  increases  in 
direct  proportion  to  the  pressure  exerted  upon  the  soil, 
depends  upon  the  resistance  of  the  soil  grains  to  sliding 
over  each  other  (6).  It  is  defined  as  the  angle  whose 
tangent  is  the  ratio  between  the  resistance  offered  to 
sliding  along  any  plane  in  the  sod  and  the  component 
of  the  applied  force  acting  normal  to  that  plane.  The 
sand  in  sand-clay  roads  and  the  mineral  aggregate  in 
bituminous  surfaces  furnish  the  internal  friction. 


SLIDING 
PLANE 


Figure  8. — Shear  Resistance  of  Soils  as  Related  to  Inter- 
nal Friction  and  Cohesion.  Basic  Principle  of  Appara- 
tus to  Determine  Magnitude  of  These  Two  Mechanical 
Properties 

Figure  8  illustrates  the  influence  exerted  by  both  the 
cohesion  and  the  internal  friction  upon  the  shear 
strength  of  sods. 

The  shear  resistance  is  represented  by  the  vector  S. 

Let 

N  =  Pressure  acting  on  soil  sample  normal  to  the 

sliding  plane; 
c  =  Cohesion; 

=  S,  when  N  =  o ; 
<j>  =  Angle  of  internal  friction. 

Then 

N  tan  $  =  Frictional  resistance  to  sliding ; 

S  =  N  tan  4>  +  c; 

and 

</>  =  arc  tan  S—c 

IT' 

Figure  9  illustrates  the  conditions  required  for 
stability  in  homogeneous  sods. 

Let  DD  be  any  plane  in  the  soil  making  the  angle  a 
with  the  horizontal, 


Figure  9. 


-The  Mechanics  of  Sliding  in  Homogeneous 
Soils 
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then 
and 


J^=unit  weight  of  soil; 
N=  component  of  W  normal  to  DD; 
=  W  cos  a ; 

T=  force  productive  of  sliding; 
=  W  sin  a ; 

S=  shear  resistance  of  soil; 

=  N  tan  (b  +  c. 


Sliding  occurs  when  T  exceeds  S.  Therefore  the 
requirement  for  stability  is  that  W  sin  a  be  less  than 
W  cos  a  tan  $  +  c. 

Based  upon  this  theoretical  conception  of  stability, 
formulas  have  been  developed  by  means  of  which  may 
be  determined  (a)  the  influence  of  cohesion,  internal 
friction,  width  of  loaded  area,  and  load  adjacent  to  the 
loaded  area  upon  the  stability  of  subgrades  (7)  and  (b) 
the  influence  of  cohesion,  internal  friction  and  slope 
upon  the  critical  height  of  fills  (5). 

The  formula  for  computing  the  supporting  value  of 
soils  was  derived  on  the  assumption  that  the  loaded 
area  was  very  long  compared  with  its  width.  This 
assumption  does  not  satisfy  the  condition  produced  by 
a  wheel  load  upon  the  pavement,  which  is  not  suscept- 
ible of  simple  mathematical  treatment.  The  analysis 
based  upon  a  long  loaded  area  illustrates  the  relative 
influence  exerted  by  cohesion  and  internal  friction  upon 
the  stability  of  soils. 


Figure  10. — Diagram  for  Analysis  of  Supporting  Power 
of  Soils 

Space  does  not  permit  derivation  of  the  formula  in 
this    article    (7).     Figure    10    illustrates    the    method 
employed. 
Let 

g  =load  per  unit  area; 

qi  =  surcharge  adjacent  to  loaded  area  in  same  units; 
b  =  %  width  of  loaded  area; 
s  =  unit  weight  of  soil; 
c  =  cohesion  (force  per  unit  area) ; 
0  =  angle  of  internal  friction ; 

The  load  q,  defined  as  the  supporting  value  of  the  soil 
under  the  given  conditions  of  cohesion,  internal  friction, 
width  of  loaded  area,  and  surcharge,  is  given  by  the 
formula 

gi  bs        _1 "|        ^c 

2     tan4/?    2  tan/3  |Jan4/3       J    tan/3  sin2/3 


.(12) 


Resal's  formula  for  computing  the  critical  heights  of 
cuts  or  fills  (see  fig.  11)  gives  only  approximate  results. 
It  may  be  stated  as  follows: 
Let 

i  =  angle  of  inclination  of  fill ; 
4>  =  angle  of  internal  friction; 
A  =  unit  weight  of  soil; 
c  =  cohesion ; 


Then  hi,  the  critical  height  of  fill  above  which  sliding 
will  occur  is  given  by  the  formula, 


h  = 


c  sin  i  cos  <t> 


Asnr 


i  —  4> 


(13) 


SHEARING     PLANE 


Figure  11. — Diagram  Illustrating  Resal's  Formula  for 
Computing  the  Critical  Height  of  Cuts  or  Fills 

Results  of  computations  made  according'to  the  for- 
mula of  Figure  10  are  shown  in  Table  1,  and  those  made 
according  to  Rusal's  formula,  Figure  11,  are  shown  in 
Table  2. 

Table  1. — Influence  of  cohesion,  internal  friction,  width  of  loaded 
area  and  load  adjacent  to  loaded  area  upon  stability  of  subgrades 


Cohe- 
sion, c 

Angle 
of  in- 
ternal 
fric- 
tion, <f> 

Supporting  value,  q,  pounds  per  square^foot 

Soil  type 

?i=0 
s  =  100  pounds 

per  cubic 

foot 
6  =  0. 71-foot 

9i  =  100 

s=100  pounds 
per  cubic 
foot 

6=0.71-foot 

?i=0 

s= 100  pounds 
per  cubic 
foot 

6=7.10  feet 

Clay,    almost    li- 

Pou nds 

per 

square 

foot 

100 

200 

400 

1,000 

2.000 

0 

0 

1,000 

o 
0 
2 
4 
6 
12 
10 
34 

34 

400 

860 

1,860 

4.980 

12, 540 

40 

770 

17, 840 

500 

980 

1,990 

5,130 

12,  770 

240 

2,020 

19,090 

400 

Clay,  very  soft 

Clav,  soft 

910 
1,960 

Clay,  fairly  stiff... 

Clay,  very  stiff 

Silts, i  wet 

5,170 

13, 060 

430 

Sands,  dry. 

Sand-gravel    mix- 
tures, cemented  2 

7,680 
24,750 

i  In  silty  soils  the  angle  of  internal  friction  may  vary  between  10°  and  30°  but  the 
cohesion  may  be  almost  0. 

2  In  properly  graded  soils,  depending  upon  the  extent  of  their  compaction,  the 
angle  of  internal  friction  may  exceed  34°  but  the  cohesion  may  be  considerably  less 
than  1,000. 

Table  2. — Critical  heights   of  slope   in  cvts  and  fills,  computed 
from  Resal's  formula 


Soil  type 


Weight 

of  soil, 

A 


Cohesion 

of  soil,1 

c 

Angle 

of 
internal 
friction, 

<t> 

Pounds  per 
square  foot 

Degrees 

200 

2 

1,000 

6 

1,500 

8 

1,000 

34 

200 

14 

Critical 

height 

of  fill,  Ai 


Feet 

9 

13 

25 

55 

43 

70 

155 

546 

61 

104 

255 

1,300 

104 

580 

Unlimited. 

Unlimited. 

10 

20 

72 

Unlimited 


1  Materials  having  no  cohesion  such  as  sands,  silts,  etc.,  have  no  critical  heights. 
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WIDTH  OF  LOADED  AREA  EQUALS  14.20  FEET 


WIDTH  OF  LOADED 

AREA  EQUALS 

1.42  FEET. 


770LBS. 


I 


••>'  v  .'•;• 


A  SINGLE  SQUARE 

FOOT  WILL    SUPPORT 

770  POUNDS 


A  SINGLE  SQUARE    FOOT 
WILL    SUPPORT    7  680  POUNDS 


A  -  COHESIONLESS    SAND 


WIDTH    OF   LOADED 

AREA   EQUALS 

1.42   FEET. 


860  LBS 


WIDTH   OF   LOADED   AREA   EQUALS    14.  20  FEET 


A  SINGLE  SQUARE 

FOOT  OF   SOFT    CLAY 

WILL  SUPPORT 

860  POUNDS 


A   SINGLE    SQUARE    FOOT   OF  COHESIVE   CLAY   IN 
THIS   CASE    WILL   SUPPORT    ONLY    910  POUNDS. 


Figure  12. 


B-SOFT    COHESIVE     CLAY 
-Relative  Effect  on  Supporting  Power  of  Soils  of  Increasing  the  Area  Under  Load 


These  two  formulas  also  serve  to  furnish  some  indi- 
cation of  the  relative  influence  exerted  on  both  the 
stability  of  subgrades  and  the  critical  height  of  Alls  by 
variations  in  the  angle  of  internal  friction,  the  cohesion 
remaining  constant,  or  vice  veras.  Thus,  when  the 
cohesion  equals  400  pounds  per  square  foot,  b  equals 
0.71  foot,  and  qi  equals  0,  the  supporting  value  of  the 
subgrade  will  equal  either  2,550  or  7,600  pounds  per 
square  foot,  depending  on  whether  the  angle  of  internal 
friction  equals  12°  or  34°.  When  the  angle  of  internal 
friction  equals  34°  the  supporting  value  of  the  subgrade 
will  equal  either  4,180  or  17,840  pounds  per  square  foot, 
depending  on  whether  the  cohesion  equals  200  or  1,000 
pounds  per  square  foot.  Likewise,  the  critical  height 
of  fills  with  a  slope  of  1  to  1,  a  weight  of  soil,  A,  of  100 
pounds  per  cubic  foot,  and  a  cohesion  of  400  pounds  per 
square  foot  will  be  either  21  or  34  feet,  depending  on 
whether  the  angle  of  internal  friction  equals  2°  or  12°; 
and  when  the  angle  of  internal  friction  equals  6°  the 
critical  height  will  equal  13  or  63  feet,  depending  on 
whether  the  cohesion  equals  200  or  1,000  pounds  per 
square  foot. 

These  examples  show  not  only  that  stability  depends 
upon  both  the  internal  friction  and  the  cohesion  of  the 
soil,  but  also  that  the  manner  in  which  stability  is 
influenced  by  such  factors  as  the  size  of  the  loaded 
area,  etc.,  differs  widely  depending  on  whether  the 
stability  is  furnished  principally  by  internal  friction  or 
cohesion.     Thus: 

60819—31 2 


WIDTH    OF   LOADED  AREA 

EQUALS    1.4  2  FEET 

NO  SURCHARGE. 


WIDTH  OF  LOADED  AREA 

EQUALS  1.42  FEET.  SURCHARGE 

ADJACENT  TO  LOADED  AREA 

EQUALS  100  POUNDS 

PER  SQUARE  FOOT. 

i m 


-i — r — i 

770LBS. 


2020 

LBS. 


'mmmm 

THE  SUPPORTING  POWER 

OF  ONE  SQUARE  FOOT  OF 

COHESIONLESS  SAND 

IS    770  POUNDS 


mmmm-i    ^rT~~r~t- 


IQOLBS  PER  SQ.FT. 

t^i *;■"■  ■""•''.■■■■  ■' 


v/W/%$/. 


■ 


THE    SUPPORTING    POWER 

OF   ONE     SQUARE    FOOT    OF 

COHESIONLESS    SAND 

BECOMES  2020  POUNDS 


A  -  COHESIONLESS   SAND 


WIDTH    OF   LOADED  AREA 

EQUALS    1.4  2  FEET. 

NO  SURCHARGE 


WIDTH    OF  LOADED  AREA 

EQUALS   1.42  FEET.  SURCHARGE 

ADJACENT    TO   LOADED  AREA 

EQUALS   100  POUNDS 

PER   SQUARE   FOOT. 


"1 
860LBS. 


r — " 


^0y///^//4m///^///s$wm 

THE    SUPPORTING    POWER 

OF    ONE    SQUARE    FOOT    OF 

SOFT    COHESIVE   CLAY 

IS    860  POUNDS. 


980  LBS 

L 


IQOLBS    1  [PER  SQ.FT. 

'    •        '     "     '  '  " 

THE    SUPPORTING    POWER 

OF   ONE   SQUARE    FOOT    OF 

SOFT   COHESIVE    CLAY 

BECOMES    980    POUNDS. 


B-SOFT     COHESIVE    CLAY 

Figure  13. — Relative  Effect  on  Supporting  Power 
of  Soils  of  Uniformly  Loading  the  Soil  Adjacent 
to  the  Loaded  Area 
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1.  Increasing  the  width  of  the  loaded  area  and  also 
surcharging  the  soil  with  a  load  adjacent  to  the  loaded 
area  increases  the  unit  support  very  appreciably,  as 
shown  in  Table  1  and  Figures  12  and  13,  when  the 
stability  of  the  subgrades  is  furnished  principally  by 
internal  friction  instead  of  cohesion.  The  increases  in 
the  unit  support  of  cohesionless  soils  due  to  increase  in 
width  of  loaded  area  and  to  the  surcharging  just  noted 
are,  according  to  unpublished  data  furnished  by  Dr. 
Charles  Terzaghi,  much  greater  when  the  loaded  area  is 
long  and  narrow  than  when  it  is  square  or  circular. 

2.  Increasing  the  width  of  the  loaded  area  or  sur- 
charging the  soil  with  a  load  adjacent  to  the  loaded 
area  does  not  increase  the  unit  support  very  appre- 
ciably when  the  stability  of  the  subgrade  is  furnished 
principally  by  cohesion  instead  of  internal  friction. 

3.  The  safe  angle  of  repose  of  fill  material  is  inde- 
pendent of  the  height  of  the  fill  only  when  the  fill 
consists  of  cohesionless  materials. 

Thus  one  sees  how  a  conception  of  the  effect  of  the 
relative  amounts  of  cohesion  and  internal  friction  pos- 
sessed by  the  soil  is  more  enlightening  with  respect  to 
the  design  of  preventive  measures  than  merely  a 
knowledge  of  stability  or  the  combined  effect  of  these 
two  properties.  Figure  14  shows  a  method  of  prevent- 
ing sliding  by  terracing  the  faces  of  a  cut  made  in  clay. 


Figure  14. — Terracing  of  Faces  of  Railway  Cut  in 
Clay,  Between  Washington  and  Baltimore.  Surface 
Drainage  is  Provided  for  on  Each  Terrace.  One 
of  the  Methods  Used  to  Prevent  Sliding  in  Cuts 

recognition  of  compressibility  and  elasticity  in  sub- 
grades  important 

Consolidating  the  subgrade  serves  to  increase  its 
density  and  decrease  its  permeability  (1,  7,  9, 10)3  and 
consequently  is  likely  to  prove  highly  beneficial.  The 
degree  of  consolidation  obtainable  and  the  nature  of 
the  results,  whether  beneficial  or  detrimental,  which 
will  be  obtained  by  attempted  consolidation  depend 
upon  whether  the  subgrade  soils  are  of  the  compres- 
sible or  of  the  elastic  type;  that  is,  whether  in  the 
absence  of  change  in  moisture  content  they  will  remain 
consolidated  or  will  rebound  upon  the  removal  of  load. 
To  remain  consolidated  after  the  removal  of  load,  in 
the  absence  of  free  water,  soil  grains  must  either  lack 
any  spongy  or  elastic  property  which  tends  to  push 
them  apart  or  possess  cohesion  in  amount  sufficient  to 
overcome  such  a  tendency. 

A  small  sponge  and  a  wad  of  cotton  will  serve  to 
illustrate   very   effectively  how   the  elastic  subgrades 

*  Permeability  is  defined  as  the  rate  at  which  gravitational  water  is  transmitted 
by  soils.  It  depends  upon  both  the  hydraulic  gradient  and  the  size  and  number  of 
the  soil  pores.  It  varies  as  the  square  of  the  effective  diameter  of  the  soil  grains. 
It  is  expressed  as  the  coefficient  of  permeability  which  is  designated  as  k  and  equals 
the  velocity  in  centimeters  per  second  under  a  hydraulic  gradient  of  1. 


differ  in  performance  from  the  compressible  subgrades. 
If,  for  instance,  they  are  both  thoroughly  wetted  and 
then  compressed  by  hand  the  cotton,  representing  the 
compressible  soil,  remains  in  the  compressed  state  after 
the  removal  of  the  compressing  force,  because  of  cap- 
illary tension  acting  on  the  surface  of  the  cotton — 
the  same  force  which  stabilized  the  beach  sand  referred 
to  above.  The  capillary  tension  in  this  case  equalsTat 
least  the  pressure  exerted  by  the  hand  to  compress  the 


Figure  15. — Detrimental  Effects  of  Elasticity' of 
Subgrade  Soil.  A. — Type  of  Cracking  Likely  [to 
Occur  in  Pavements  Laid  on  Improperly  Prepared 
Elastic  Subgrades.  Note  Cracks  Reflecting  Ruts 
in  Subgrade.  B. — Alligator  Hide  Cracking  in 
Macadam  Road  Surface 

cotton  and  also  any  tendency  possessed  by  the  cotton 
strands  to  separate,  otherwise  the  cotton  would  have 
expanded.  The  sponge,  representing  the  elastic  sub- 
grades,  expands  to  almost  its  wet  volume  upon  the 
removal  of  the  compressing  force.  This  occurs  because 
the  tendency  of  the  sponge  fabric  to  expand  greatly 
exceeds  the  capillary  force  acting  upon  the  sponge 
surface.  Soaking  the  sponge  prior  to  compression  in  a 
glue  whose  molecular  cohesion  exceeds  that  of  water  in 
sufficient  amount  serves  to  prevent  the  elastic  rebound 
upon  the  removal  of  pressure. 

Either  a  macadam  or  a  concrete  surface  may  be  seri- 
ously damaged  by  attempts  to  consolidate  elastic 
subgrades  before  pavement  construction.  After  the 
thorough  rolling  which  benefits  the  compressible  sub- 
grades,  a  subgrade  of  the  elastic  type,  if  it  possesses 
cohesion,  is  likely  to  retain  a  certain  degree  of  compac- 
tion. A  slight  whetting  under  these  conditions,  such  as  is 
furnished  by  freshly  deposited  concrete,  may  cause  a 
nonuniform  rebound  of  the  subgrade.  This,  combined 
with  water  loss  from  the  concrete  due  to  absorption  by 
the  soil  is  likely  to  cause  pavements  to  crack  excessively 
(fig.  15,  A)  during  the  setting  period  of  the  concrete. 

Movements  of  heavy  material  trucks  and  mixing 
apparatus  adjacent  to  pavements  laid  on  elastic  co- 


June,  1931 


PUBLIC    ROADS 


99 


hesionless  subgrades  may  cause  distortions  of  the  soil 
supporting  the  freshly  laid  concrete  sufficient  to  produce 
pavement  cracking.  Cracking  of  this  character  may 
remain  in  microscopic  form  for  an  appreciable  period  of 
time.  Except  during  the  setting  period  of  the  concrete, 
elastic  subgrades  are  not  likely  to  be  detrimental  to 
concrete  pavements. 

The  presence  of  elasticity  in  subgrades  may  prevent 
macadam  pavements  from  acquiring  adequate  bond 
during  construction  and  from  retaining  it  subsequently. 
Under  these  conditions  macadams  may  develop  "alli- 
gator hide"  (fig.  15,  B)  cracking,  through  which 
water  may  pass  and  cause  the  subgrade  soil  to  soften  and 
to  penetrate  the  voids  of  the  macadam,  thus  causing  the 
surface  to  fail. 


Table  3. — Coefficients    of   permeability   of   soil    constituents 
under  pressure  of  1.5  kilograms  per  square  centimeter 


Figure  16. 


-Fill  Being  Constructed  of  Material  Con- 
sisting of  Clods 


DEGREE  AND  RATE  OF  COMPRESSION  DISCUSSED 

The  manner  in  which  soils  may  compress  depends  to  a 
large  extent  upon  their  moisture  contents.  Those  soils 
whose  voids  contain  air  may  compress  because  of  either  a 
compression  of  the  entrapped  air  or  the  escape  of  the 
air  from  the  soil  pores.  In  this  case  the  rate  of  con- 
solidation depends  upon  such  factors  as  the  resistance 
of  clods  (fig.  16)  to  crushing  and  can  not  be  computed. 
The  force  required  to  break  clods  differing  in  degree 
of  dryness  can,  however,  be  investigated  in  the  labora- 
tory. 

Soils  in  the  plastic  state  (fig.  17)  or  those  whose  voids 
are  filled  with  moisture,  may  consolidate  vertically 
without  flowing  laterally  only  when  water  escapes  from 
the  soil  pores.  Thus  foundations  supporting  buildings 
and  other  structures  adequately  for  years  settle  sud- 
denly when  new  excavations  permit  water  to  escape 
from  the  loaded  soil  supporting  the  foundations. 

In  this  case  the  speed  of  soil  consolidation  for  equal 
external  pressures  applied  depends  primarily  upon  the 
permeability  of  the  soil  mass.  In  fact  within  certain 
limits  it  varies  directly  with  the  coefficient  of  permea- 
bility of  the  soil.  Since  the  coefficients  of  permeability 
of  the  soil  constituents  may  vary  through  a  wide  range, 
as  shown  in  Table  3,  the  rates  at  which  individual  soils 
consolidate  may  be  widely  different. 

Figure  18  shows  how  the  data  furnished  by  the 
Terzaghi  compression  test  may  be  employed  to  indicate 
both  the  amount  and  the  rate  of  fill  settlement.  This 
test  has  been  discussed  previously  in  Public  Roads  by 
Dr.  Charles  Terzaghi  (1). 

Water  pressed  from  the  soil  pat  (fig.  18,  A)  by  the 
weighted  piston,  passes  through  the  porous  stones 
above  and  below  the  pat  and  escapes  from  the  over- 


Soil 

Coefficient  of 
permeability 

Potomac  River  sand,  20-100  mesh. 

Centimeter  per 
second 

18  90X10"' 

Mica,  20-100  mesh 

Rock  Creek  silt 

0  O00WX1O"' 

Diatoms .  . 

0  048X10-4 

Clay 

0  00011X10"* 

0.  785X10"' 

flow  orifices  a  and  b.  The  relation  between  the  voids 
ratio  of  the  soil  and  the  compressing  force  is  expressed 
as  the  load-compression  curve,  Figure  18,  B.  The  data 
for  constructing  the  load-compression  curve  are  ob- 
tained by  applying  the  compressing  force  in  magni- 
tudes equal  approximately  to  0,  0.5,  1.5,  and  3.0  kilo- 
grams per  square  centimeter  and  observing  the  voids 
ratio  produced  by  each  load  when  applied,  until  further 
increase  in  the  deformation  of  the  soil  ceases.  Conse- 
quently the  load-compression  curve  discloses  the 
minimum  voids  ratio  or  the  maximum  density  of  the 
soil  likely  to  be  produced  by  loads  of  given  magnitude. 
Data  for  constructing  the  expansion  curve  (fig.  18,  B) 
are  obtained  when  the  load  is  changed  successively 
from  approximately  3.0  to  1.5,  0.5,  and  0.0  kilogram's 


Figure  17. — Settlement  of  Road  at  Bridge  Approach 
Due  Primarily  to  the  Consolidation  of  the  Thor- 
oughly Saturated  Undersoil 

per  square  centimeter  and  water  is  allowed  to  enter  the 
sample.  The  data  for  constructing  the  time-compres- 
sion curve  are  furnished  by  observing  the  times  cor- 
responding to  the  deformations  produced  by  the  indi- 
vidual load  increments. 

The  time-compression  curve  (fig.  18,  C)  shows  the 
relation  between  (a)  the  degree  of  compression  of  the 
soil,  expressed  as  a  percentage  of  the  total  compression 
occurring  in  a  very  long  loaded  interval,  and  (b)  the 
length  of  the  loaded  interval  expressed  in  minutes,  the 
magnitude  of  the  load  remaining  constant. 

In  order  to  demonstrate,  by  analogy,  the  method  of 
estimating  both  the  magnitude  and  the  rate  of  com- 
pression caused  by  a  hydraulic  fill  constructed  on  in- 
undated river  bottom  land  as  illustrated  in  Figure  18,  D, 
it  must  be  assumed  first  that  the  compression  is  direct 
and  no  lateral  thrust  is  involved;  second,  that  both  the 
fill  material  on  top  and  the  hard  compact  sand  beneath 
are  more  permeable  than  the  soft  soil  layer;  third,  that 
the  moisture  is  free  to  pass  through  the  underlayer  of 
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Figure  18. — Data  Furnished  by  the  Terzaghi  Compression  Test 


sand,  and  last,  that  the  moisture  content  throughout 
the  thickness  of  the  soft  soil  layer  is  uniform. 

Under  these  conditions  the  soft  soil  layer  in  the 
river  bottom  (fig.  18,  D)  is  subjected  to  compression 
similar  to  that  acting  on  the  soil  pat  (fig.  18,  A). 
Thus  the  weight  of  the  fill  material  corresponds  to  the 
compressing  force,  and  the  fill  material  on  top  and  the 
compact  sand  beneath  the  soft  soil  layer  correspond  to 
the  porous  stones.  (Fig.  18,  A).  In  addition  let  the 
load-compression  curve  (fig.  18,  B)  and  the  time- 
compression  curve  (fig.  18,  C)  be  assumed  to  represent 
tests  performed  upon  an  undisturbed  sample  of  the 
soft  river  bottom  soil,  as  indicated  in  Figure  18,  D. 

Under  the  weight  of  the  fill  material  (1^  kilograms 
per  square  centimeter),  the  undersoil  will,  since  the 
assumed  conditions  are  the  same  as  those  existing  in  the 
laboratory,  compress  from  a  voids  ratio  et  =  2.5  (original 
undisturbed  state)  to  a  voids  ratio  e0=l.  The  ratio  of 
soil  thickness  after  compression  to  soil  thickness  before 
compression  equals  the  ratio  of  soil  volume  (soil 
particles  plus  voids)  after  compression  to  the  soil  vol- 
ume before  compression,  or  tx-5-     Consequently  the 

soil  layer  10  feet  thick  will  compress  to  a  layer  whose 
thickness  is  given  by  the  expression 
l+e0, 


1+e, 


X  10  =  5.71  feet. 


The  time  in  years  required  for  different  stages  of  set- 
tlement is  computed  from  the  time-compression  curve 


on  the  assumption  that  the  time  required  for  two  soil 
layers  to  compress  in  equal  degree  varies  as  the  squares 
of  the  thickness  of  the  layers. 

Accordingly  Figure  18  informs  us  (a)  that  the  fill  will 
settle  4.29  feet  and  (b)  that  2.66  feet  of  this  amount 
will  occur  during  the  first  year  and  that  an  additional 
settlement  of  0.86  foot  will  occur  during  the  succeeding 
five  years. 

CAPILLARITY    THE  IMPORTANT    AGENT   CAUSING    CHANGES   OF 
WEATHER  TO  BE  REFLECTED  IN  SUBGRADE  MOVEMENTS 

The  more  important  subgrade  movements  due  to 
climatic  influences  are  (a)  expansion  of  the  soil  occur- 
ring with  an  increase  in  moisture  content  (b)  shrinkage 
of  the  soil  occurring  with  a  decrease  in  moisture  con- 
tent, and  (c)  heaving  of  the  soil  during  frost. 

These  occurrences  depend  upon  the  physical  phenom- 
enon capillarity,  which,  so  far  as  subgrades  are  con- 
cerned, is  defined  as  the  ability  of  soils  to  transmit 
moisture  in  a  finely  divided  state  in  all  directions  in 
spite  of  both  the  direction  in  which  gravity  acts  and  the 
force  of  gravity. 

Capillary  action  is  illustrated  in  Figure  19.  Capillar- 
ity draws  the  liquid  up  through  the  cheesecloth  wicks, 
over  the  edge  of  the  container  A,  and  down  to  the  ends  of 
the  wicks  on  the  outside  of  the  container.  This  merely 
moistens  the  wick  on  the  left  whose  outside  end  is  just 
about  on  a  level  with  the  surface  of  the  liquid  in  the 
container.  In  addition  to  becoming  moist,  the  wick  on 
the  right,  the  outside  end  of  which  is  located  appreciably 
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Figure  19. — Illustration  of  Capillarity 

below  the  surface  of  the  liquid  in  the  container,  per- 
forms like  a  syphon  and  transfers  the  liquid  from 
container  A  to  container  B. 

When  this  photograph  was  taken  the  liquid  was 
dropping  into  container  B  from  the  end  of  the  cheese- 
cloth wick  at  the  rate  of  1  drop  every  38  seconds  or 


PERMEABLE      MATERIAL 


IMPERVIOUS    CORE-WALL 
SEEPAGE 


ORIGINAL 
GROUND    SURFACE 


-LEDGE     ROCK 


A -EARTH     DAM    Wl  T  H  CORE  -WALL 


SEEPAGE 


B-  HIGHWAY    ON    SIDE-HILL     LOCATION 
Figure  20. — Illustrations  of  Capillary  Action  in  Soils 

1  gram  every  10  minutes.     This  equals  1  gallon  every 


the  top  of  the  impervious  corewall  is  higher  than  the 
adjacent  water  surface,  Figure  20,  A,  and  in  subgrades 
in  spite  of  ditches,  as  shown  in  Figure  20,  B. 

The  maximum  distance  through  which  water  may  be 
forced  by  capillarity  depends  upon  the  surface  tension 
of  the  water  and  the  size  of  the  soil  pores,  and  increases 
as  the  size  of  the  soil  pores  decreases,  the  temperature 
of  the  water  remaining  constant  (1 ,  5).  The  rate  at 
which  capillary  moisture  travels  depends  upon  the 
capillary  tension,  upon  the  frictional  resistance  fur- 
nished by  the  walls  of  the  pores  to  the  flow  of  water,  and 
upon  the  rate  at  which  capillary  equilibrium  is  destroyed 
by  evaporation,  the  formation  of  ice  crystals,  or  change 
in  ground  water  elevation  (11). 


Figure  2 


Its 


i\    I'm  i.   of    Cut    Eroded 
Expansive  Properties 


PROPERTIES    AFFECTING    EXPANSION    AND    SHRINKAGE    OF   SOILS 
ANALYZED 

The  extent  to  which  water  will  be  absorbed  depends 
upon  both  the  capillary  properties  and  the  degree  of  co- 
hesion possessed  by  the  soil.  Water  entering  cohesion- 
less  soils  through  capillary  action  may  cause  the  grains 
to  separate  to  such  an  extent  that  the  soil  quickly  dis- 
integrates, as  shown  in  Figure  21.  A  sufficient  amount 
of  cohesion  existing  between  the  soil  particles  will  pre- 
vent the  entrance  of  water  in  an  amount  sufficient  to 
cause  the  soil  to  lose  stability,  unless  the  soil  is  ma- 
nipulated. The  amount  of  cohesion  possessed  by  a  soil 
of  given  constituents  depends  upon  both  the  moisture 
content  and  the  state  of  compaction  of  the  soil.  There- 
fore the  relative  amount  to  which  the  soil  will  expand 


631  hours.     At  times  during  the  experiment  the  rate    depends  upon  both  the  degree  of  consolidation  and  the 
was  as  much  as  1  gallon  every  12  days.  moisture  content  of  the  soil  before  wetting. 

This  simple  experiment  explains  the  occurrence  of        Each  of  90  soil  cakes  were  compressed  in  the  wet 
seepage  in  the  lower  face  of  an  earth  dam,  even  though    state  in^he   subgrade   laboratory   of   the   Bureau   of 
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Public  Roads,  under  a  load  of  3  kilograms  per  square 
centimeter.  The  load  was  then  reduced  to  0.028  kilo- 
gram per  square  centimeter  and  the  cakes  were  per- 
mitted to  absorb  water.  Subsequently  two  disks,  each  1 
square  inch  in  area,  were  cut  from  each  of  the  90  soil 
cakes.  One  of  these  disks,  in  the  wet  state,  was  im- 
mersed in  water  and  its  counterpart  was  first  allowed  to 
dry  to  constant  weight  in  the  air  and  was  then  immersed 
in  water. 

Eight  of  the  90  disks,  containing  less  than  12  per 
cent  clay  and  immersed  in  the  wet  state  disintegrated 
after  being  immersed  for  periods  averaging  73  days. 
Of  the  8  corresponding  disks  immersed  in  the  dry  state, 
6  disintegrated  after  being  immersed  for  an  average 
period  of  7  minutes  and  the  remaining  2  swelled  and 
cracked  in  appreciable  amount  but  did  not  completely 
disintegrate  after  being  immersed  for  a  period  of  25 
days.  Sixty-eight  of  the  90  disks  containing,  with 
several  exceptions,  clay  13  to  77  per  cent  and  im- 
mersed in  the  wet  state,  remained  intact  after  being 
immersed  for  an  average  period  of  nine  months.  Of  the 
corresponding  68  disks  immersed  in  the  dry  state,  26 
disintegrated  after  being  immersed  for  an  average 
period  of  10  minutes,  41  disintegrated  after  being 
immersed  for  an  average  period  of  1  hour,  and  the 
remaining  disk  cracked  and  swelled  in  appreciable 
amount  after  being  immersed  for  a  period  of  10  days. 

As  additional  evidence  that  cohesion  in  soils  tends  to 
prevent  their  expansion  and  disintegration  due  to  water 
absorption  reference  is  made  to  Figure  22.  The  soil 
cakes   shown  in  this   figure   were   made   up  from  soil 
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Figure  23. 


-Large   Shrinkage    Cracks    Over   3  Inches 
Wide  and  Over  1  Foot  Deep 


the  sample  the  capillary  tension  exerts  on  the  outer  of 
surface  of  the  sample  a  uniformly  distributed  force 
acting  at  every  point  perpendicular  to  the  outer  sur- 
face of  the  sample,  and  tending  to  draw  the  particles 
in.  As  the  soil  sample  becomes  smaller  and  smaller  its 
resistance    to    further    shrinkage    correspondingly    in- 


Figure  22. — Soil  Samples  Containing  Water-Gas  Tar  in 
Varying  Amounts,  Photographed  After  Immersion  in 
Water  for  a  Period  of  Two  Weeks 

samples  taken  at  different  depths  in  a  subgrade  located 
at  Arlington,  Va.,  which  was  treated  with  water-gas  tar 
in  1923.  After  their  removal  from  the  subgrade  in 
1929,  these  cakes  were  compressed  in  a  semidry  state, 
dried  to  constant  weight  in  the  air,  and  immersed  in 
water  for  a  period  of  two  weeks.  The  two  cakes  shown 
on  the  left  of  Figure  22  contain  tar  in  appreciable 
amount  and  exhibit  no  signs  of  disintegration.  The 
third  cake  from  the  left  contains  but  a  small  amount  of 
tar  and  has  crumbled  slightly  along  the  top  edges. 
The  fourth  cake  from  the  left  contains  but  a  slight 
trace  of  tar  and  shows  crumbling  in  appreciable  amount 
near  the  top.  The  two  cakes  on  the  right  contain  no 
visible  trace  of  tar  and  have  crumbled  to  a  still  greater 
extent. 

Reduction  in  soil  volume  as  illustrated  in  Figure  23 
is  caused  by  reduction  in  the  moisture  content  of  the 
soil.  This  action  depends  upon  the  capillary  force 
exerted  as  the  moisture  content  is  reduced  by  evapora- 
tion and  upon  the  resistance  furnished  by  the  soil  par- 
ticles to  being  consolidated.  The  theory  of  shrinkage 
in  soils  may  be  briefly  stated  as  follows  {12) :  Assume 
a  soil  with  its  pores  completely  filled  with  moisture  to 
be  in  the  liquid  state.  Under  these  conditions  the 
contractive  force  exerted  by  the  surface  tension  of  the 
water  is  practically  zero.     As  water  evaporates  from 
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Figure  24. — Examples  of  Frost  Damage  in  Roads.  A. — 
Gravel  Road  Heaved  by  Frost  Action.  B. — Bitu- 
minous Macadam  Road  Damaged  by  Frost  Action  in 
Subgrade 
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Ice  lenses  in  t. 


frozen  l'\  Prof. 


Ice  lenses  observed  by  F.  C.  Lang  in  soil  in  Minnesota 
Figure  25. — Examples  of  Ice  Segregation  in  Soils 

■creases.  Finally  the  soil  attains  a  volume  at  which 
the  resistance  of  the  soil  sample  to  further  reduction  in 
volume  just  equals  the  capillary  pressure  exerted  by 
the  evaporating  moisture.  Further  evaporation  will 
not  appreciably  decrease  the  volume  of  the  soil  sample. 
The  moisture  content  of  the  soil  at  this  state  of  equilib- 
rium is  termed  "the  shrinkage  limit"  and  is  discussed 
in  Part  II  of  this  report,  to  be  published  in  the  next 
issue  of  Public  Roads. 

DETRIMENTAL    HEAVING    CAUSED    BV    SEGREGATION    OF    WATER 
WHEN  FREEZING 

Heaving  of  soils  due  to  frost  action  (fig.  24,  A  and 
P>)  is  caused  by  an  increase  in  total  moisture  con- 
tent occurring  as  ice  layers  or  crystals  (13,  14,  15). 
Its  magnitude  depends  upon  the  rate  of  temperature 
change,  the  moisture  content  of  the  soil  prior  to  freezing, 
the  proximity  of  additional  water  and  the  rate  at 
which  capillary  flow  occurs  (13,  14,  15,  16). 

The  formation  of  well  defined  ice  layers  in  the  soil 
(figs.  25/  and  26)  depends  on  three  physical  phenom- 
ena— ■ 

(a)  The  tendency  of  water  particles  contained  in 
soil  pores  of  the  larger  capillary  dimensions  to  freeze 
at  either  normal  freezing  or  slightly  less  than  normal 
freezing  temperatures  (—  1°,  —4°  C). 

(b)  The  tendency  of  water  particles  contained,  in 
soil  pores  of  the  smaller  capillary  dimensions  to  resist 

4  Reproduced  from  the  article,  Freezing  and  Thawing  of  Soils  as  Factors  in  the 
Destruction  of  Road  Pavements,  by  Stephen  Taber,  Public  Roads,  vol.  II,  No.  6, 
-August,  1930. 


freezing  at  abnormally  low   temperatures   (as  low   as 
-70°  C). 

(c)  The  tendency  of  water  particles  of  freezable  size, 
during  the  process  of  freezing,  to  draw  to  themselves 
from  adjacent  fine  capillaries  the  small  particles  of 
water  which  individually  do  not  freeze  at  ordinary 
freezing  temperatures  (14).  When  drawn  to  the  exist- 
ing ice  crystal  these  small  water  particles  freeze  and 
increase  in  size.     Continuation  of  this  process  causes 

SMALL  WATER  PARTICLES  LARGE  WATER  PARTICLES 

DO  NOT   FREEZE  AT  NORMAL  FREEZE    AT  NORMAL 

FREEZING   TEMPERATURES.  FREEZING    TEMPERATURES. 

ROAD  SURFACE- 


'//////////■ 


GROUND  WATER 


'«i4«y//////////> 


SMALL  WATER  PARTICLES 
FREEZE    UPON   COMING 
IN  CONTACT    WITH   LARGE 
WATER   PARTICLES. 


LARGE  WATER  PARTICLES 
WHEN  FREEZING  ATTRACT 
AND  GROW  AT  EXPENSE  OF 
SMALL  WATER  PARTICLES. 


mm*mm 


OUND  WATER  '////'/// 


-water  drawn  to  large  particles  from  the  small- 
pores  replaced  from  the  ground  water  by  capillary  flow. 

-road  surface  heaved 
in  amount  equal  to  at 
least  the  combined 
Thickness  of  ice  layers 


ICE    LAYERS  DUE  TO 
CONTINUED  GROWTH   OF 
LARGE  WATER   PARTICLES 
UPON   FREEZING. 


Figure  26. — Diagram  Illustrating  the  Physics  of  Frost 

Heave 

the  original  ice  crystals  to  increase  in  size  as  long  as 
they  are  being  supplied  with  small  water  particles 
drawn  up  through  the  fine  capillaries  from  the  ground 
water  supply. 

Whether  or  not  frost  heave  will  occur  depends  upon 
the  quantity  of  moisture  capable  of  being  raised  to  a 
given  height  above  the  water  table  in  a  given  time. 
Neither  the  height  to  which  water  will  rise  by  capillarity 
nor  the  rate  of  such  rise  is  alone  the  determining  factor. 
Just  as  the  amount  of  water  furnished  by  a  pipe  de- 
pends upon  the  pressure  acting  on  the  water,  the  diam- 
eter of  the  pipe  and  the  frictional  resistance  to  flow, 
the  raising  of  a  quantity  of  water  sufficient  to  produce 
frost  heave  in  the  subgrade  at  a  given  height  above 
the  ground  water  elevation  (disregarding  the  rate  at 
which  capillary  equilibrium  is  destroyed)  depends  upon 
the  force  of  capillarity,  the  area  of  pore  space,  and  the 
frictional  resistance. 

Capillary  pressure  varies  inversely  with  the  diameter 
of  the  pores.  The  frictional  resistance  to  flow  through 
a  soil  is  a  function  of  the  surface  area  of  the  soil  par- 
ticles and  consequently  increases  with  a  decrease  in 
grain  size  at  a  much  greater  rate  than  does  the  capillary 
pressure.     Therefore,    in    order    to    furnish    capillary 
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moisture  in  detrimental  amounts  th6  pore  size  must  be 
small  enough  to  furnish  appreciable  capillary  pressure 
but  large  enough  to  prevent  too  much  frictional  re- 
sistance to  flow.5 

As  an  indication  of  the  amounts  of  water  furnished 
by  capillarity,  it  has  been  estimated  that  certain  Iowa 

silts  (9)  are  capable  of  raising 
water  by  capillarity  at  the  rate 
of  about  5  feet  per  year.  It  is 
indicated  by  observations  in 
both  New  Hampshire  and 
Minnesota  that  in  extreme 
cases  the  rate  may  be  as  high 
as  10  or  15  feet  per  year. 

Generally  it  can  be  stated 
that  in  cohesionless  soils  pos- 
sessing but  little  capillarity  no 
important  frost  heaves  occurs 
because  practically  all  of  the 
contained  water  freezes  at  nor- 
mal freezing  temperatures  and 
small  unfrozen  water  particles 
do  not  exist  in  amounts  suffi- 
cient to  cause  the  frozen  par- 
ticles to  suffer  appreciable 
growth.  Soils  possessing  rel- 
atively high  capillarity  and 
relatively  low  cohesion  are 
likely  to  heave  in  very  appre- 
ciable amounts.  The  contrast 
between  sand  and  clay  in  this 
respect  is  shown  in  Figure  27.4 
Highly  cohesive  soils  may 
possess  very  high  capillarity 
but  the  resistance  to  water 
flow  in  these  soils  is  very  great. 
Consequently  in  dense  cohe- 
sive soils  with  low  ground  water  level  and  absence  of 
lateral  seepage,  only  limited  amounts  of  water  are  avail- 
able for  ice  segregation.  Under  these  conditions  the  soil 
adjacent  to  the  growing  ice  crystals,  as  illustrated  in 
Figure  28,  is  likely  to  dry  out  and  shrink  because  of  the 
loss  of  moisture  (16).  The  ground  water  elevation  in 
clays,  therefore,  must  be  comparatively  high  in  order 
that  important  frost  heave  may  occur. 

IMPORTANT    SUBGRADE     CHARACTERISTICS    INDICATED     BY     THE 
PRESENCE  OF  CERTAIN  SOIL  CONSTITUENTS 

In  the  foregoing  discussion  certain  relations  have  been 
shown  to  exist  between  the  five  basic  physical  charac- 
teristics of  a  soil  (internal  friction,  cohesion,  compressi- 
bility, elasticity,  and  capillarity)  and  the  important 
characteristics  of  subgrade  performance,  i.  e.,  resistance 
to  lateral  flow,  the  property  of  compressing  vertically 
under  applied  loads  with  or  without  rebound  upon  the 
removal  of  load,  resistance  to  sliding  in  cuts  and  fills, 
shrinkage  or  expansion  due  to  changes  in  moisture,  and 
heaving  under  frost  action. 

Both  the  state  in  which  the  soil  exists  and  the  prop- 
erties of  the  soil  constituents  exert  an  important  influ- 
ence upon  the  occurrence  of  these  characteristics.  Thus, 
for  instance,  tests  performed  by  Terzaghi  (4)  disclose 

'  Reproduced  from  the  article,  Freezing  and  Thawing  of  Soils  as  Factors  in  the 
Destruction  of  Road  Pavements,  by  Stephen  Tabor,  Public  Roads,  vol.  11,  No.  6, 
August,  1930. 

6  In  1909  Atterberg  determined  experimentally  that  the  maximum  height  of  cap- 
illary rise  in  24  hours  occurs  in  soil  consisting  primarily  of  particles  0.02  millimeter 
in  diameter.  This  result  was  confirmed  theoretically  by  Terzaghi  (Erdbaumecha- 
nik,  1926,  fig.  23). 


Figure  27. — Frozen  Cyl- 
inder, Half  Sand  and 
Half  Clay.  Much  Seg- 
regated Ice  in  Clay-  but 
not  in  Sand.  Fur- 
nished by  Taber  Ex- 
periments 


that  the  ultimate  bearing  value  (yield  point)  of  a  soil  in 
the  undisturbed  state  may  be  over  twice  that  of  the  same 
soil  in  the  disturbed  state.  Likewise  the  compressibility 
may  be  different  when  soil  is  in  the  disturbed  state 
from  what  it  is  in  the  undisturbed  state  (17). 

It  is  well  known  that  the  faces  of  cuts  in  certain  of 
the  loess  soils  in  the  Middle  West  may  stand  vertically 
for  years  in  the  undisturbed  state  whereas  these  same 
soils  in  the  disturbed  state  lose  stability  easily  and  flow 
in  the  presence  of  water. 

It  is  also  common  knowledge  that  sands  may  be  either 
highly  stable  or  "quick"  depending  on  whether  water, 
as  for  instance  that  furnished  by  waves,  flows  down- 
ward or,  as  in  the  case  of  that  furnished  by  springs, 
flows  upward  through  them. 

In  spite  of  these  facts  the  importance  of  tests  per- 
formed on  soils  in  the  disturbed  state  becomes  apparent 
when  one  considers  (a)  that  the  soil  composing  the  sub- 
grade  generally,  exists  in  at  least  a  partially  manipulated 
state  and  that  composing  the  sands-clay  and  other  low 
type  road  surfaces  exists  in  a  completely  manipulated 
state,  and  (b)  that  the  constants  furnished  by  such 
tests  serve  to  disclose  the  presence  of  those  soils  con- 
stituents which  exert  an  important  influence  not  only 


Figure  28. — Type  of  Shrinkage  Cracking  Likely  to  Occur 
When  Water  is  Drawn  Out  of  Soils  Due  to  Freezing 
in  Adjacent  Areas 

on  the  five  basic  physical  characteristics  of  subgrades 
referred  to  above  but  also  upon  the  state  in  which  soils 
may  occur  in  the  soil  profile.  When  only  the  mechan- 
ical analysis  was  used  to  identify  soils,  many  soils  indi- 
cated by  this  determination  to  be  similar  in  character 
when  disturbed,  were  observed  to  be  radically  different 
in  character  when  undisturbed  in  the  field.  This  differ- 
ence in  field  behavior  was  attributed  to  difference  in  the 
environment  under  which  the  soil  developed  or  existed. 
Now  it  is  found  that  soils  similar  in  character  according 
to  the  mechanical  analysis  may  differ  widely  in  character 
according  to  the  physical  tests  and  furtheiTnore  that 
many  differences  in  field  behavior  of  soils  are  due  to 
differences  in  soil  constituents. 

The  subgrade  investigations  have  made  it  increasingly 
evident  that  the  states  in  which  soils  are  likely  to  exist 
under  specified  conditions,  as  well  as  the  physical  char- 
acteristics of  the  soils  in  different  states,  may  be  largely 
dependent  upon  the  presence  of  certain  soil  constituents. 

Among  the  many  natural  constituents  of  soils,  a  com- 
paratively few  serve  to  illustrate  the  properties  which 
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may  exert  an  important  influence  upon  subgrade  per- 
formance.    These  representative  soil  constituents  are: 

Gravel. — Particles  larger  than  2.0  millimeters  in  diameter 
(No.  10  sieve). 

Coarse  sand. — Particles  between  0.25  (No.  60  sieve)  and  2.0 
millimeters  in  diameter. 

Fine  sand. — Particles  between  0.05  and  0.25  millimeter  in 
diameter. 

Silt. — Particles  between  0.005  and  0.05  millimeter  in  diameter. 

Cohesive  clay. — Particles  smaller  than  0.005  millimeter  in 
diameter. 

Gluey  colloids. — According  to  Albert  Atterberg  (18),  soil  par- 
ticles 0.002  millimeter  or  smaller  in  diameter  show  pronounced 
Brownian  movements  when  suspended  in  water.  This  phenom- 
enon, as  explained  by  Oscar  Edward  Meinzer,  indicates  that  the 
colloidal  stage  of  fineness  is  reached  at  this  size  and,  according  to 
the  kinetic  theory  of  heat,  the  particles  are  so  small  that  they  are 
bounced  about  by  the  rapidly  moving  molecules  with  which 
they  collide.  The  colloidal  fraction  reported  in  the  mechanical 
analysis,  however,  consists  of  particles  0.001  millimeter  and 
smaller  in  size. 

Mica  flakes. 

Diatoms. 

Peat. 

Chemical  constituents. — Certain  chemicals,  such  as  lime  and 
magnesium,  have  a  tendency  to  flocculate  6  fine-grained  soils; 
others,  such  as  sodium  and  potassium  have  a  tendency  to  de- 
flocculate  or  disperse  fine-grained  soils.      (Fig.  29.) 

Of  these  constituents,  certain  of  which  are  shown  in 
the  photomicrographs  of  Figure  30,  the  gravel  and  sand 
are  indicative  of  high  internal  friction,  the  silt,  peat, 
and  diatoms  of  detrimental  capillarity;  the  clay  and 
colloidal  glues  are  indicative  of  cohesion  and,  together 
with  the  silt  and  when  not  flocculated,  of  compressi- 
bility; and  the  mica  flakes,  peat,  and  flocculated  soils 
are  indicative  of  elasticity. 

Generally  gravel  and  coarse  sand  furnish  the  main 
hardness  and  supporting  strength  of  graded  soil  roads, 
especially  in  wet  weather.  Fine  sand  adds  an  embed- 
ment support  to  the  coarse  sand,  and  silt  with  low 
moisture  content  adds  embedment  for  the  sand.  Clay 
and  colloidal  glues  furnish  cohesive  and  adhesive  bond 
variable  with  their  moisture  contents  (11). 

The  curves  of  Figure  31  show  the  great  range  of 
compressibility  and  expansion  possessed  by  different 
soil  constituents. 

SUBGRADES  TENTATIVELY  ARRANGED  IN  GROUPS 

Because  of  the  fact  that  the  presence  of  certain  soil 
constituents  indicates  the  important  soil  properties, 
the  subgrades  may  be  arranged  in  groups  representative 
of  both  soil  constituents  and  characteristics.  On  this 
basis,  the  various  soils  have  been  tentatively  arranged 
in  groups  with  respect  to  their  performance  when  tised 
as  subgrades,  as  follows  (7) : 

UNIFORM  SUBGRADES 

Group  A—l. — Well-graded  material,  coarse  and  fine,  excellent 
binder.  Highly  stable  under  wheel  loads,  irrespective  of  mois- 
ture conditions.  Functions  satisfactorily  when  surface  treated 
or  when  used  as  a  base  for  relatively  thin  wearing  courses. 

Group  A-2. — Coarse  and  fine  materials,  improper  grading  or 
inferior  binder.  Highly  stable  when  fairly  dry.  Likely  to 
soften  at  high  water  content  caused  either  by  rains  or  by  capil- 
lary rise  from  saturated  lower  strata  when  an  impervious  cover 
prevents  evaporation  from  the  top  layer,  or  to  become  loose  and 
dusty  in  long-continued  dry  weather. 

Group  AS. — Coarse  material  only,  no  binder.  Lacks  stability 
under  wheel  loads  but  is  unaffected  by  moisture  conditions. 
Not  likely  to  heave  because  of  frost  nor  to  shrink  or  expand  in 
appreciable  amount.  Furnishes  excellent  support  for  flexible 
pavements  of  moderate  thickness  and  for  relatively  thin  rigid 
pavements. 

Group  A~4. — Silt  soils  without  coarse  material,  and  with  no 
appreciable  amount  of  sticky  colloidal  clay.     Has  a  tendency  to 

6  Arrangement  of  a  number  of  soil  colloids  into  groups  having  approximately  the 
size  of  silt  particles. 


Figure  29. — Soil  in  Flocculated  and  Dis- 
persed State  After  24  Hours  Sedimenta- 
tion. Flocculated  Soil  (left)  Settles 
Out  Rapidly  Leaving  Clear  Liquid 
Above.  Dispersed  Colloids  Remain  in 
Suspension  Causing  Liquid  to  be  Cloudy 

absorb  water  very  readily  in  quantities  sufficient  to  cause  rapid 
loss  of  stability  even  when  not  manipulated.  When  dry  or  damp, 
presents  a  firm  riding  surface  which  rebounds  but  very  little  upon 
the  removal  of  load.  Likely  to  cause  cracking  in  rigid  pave- 
ments as  a  result  of  frost  heaving,  and  failure  in  flexible  pave- 
ments because  of  low  supporting  value. 

Group  A-5. — Similar  to  Group  A-4,  but  furnishes  highly 
elastic  supporting  surfaces  with  appreciable  rebound  upon  re- 
moval of  load  even  when  dry.  Elastic  properties  interfere  with 
proper  compaction  of  macadams  during  construction  and  with 
retention  of  good  bond  afterwards. 

Group  A-6. — Clay  soils  without  coarse  material.  In  stiff  or 
soft  plastic  state  absorb  additional  water  only  if  manipulated. 
May  then  change  to  liquid  state  and  work  up  into  the  interstices 
of  macadams  or  cause  failure  due  to  sliding  in  high  fills.  Furnish 
firm  support  essential  in  properly  compacting  macadams  only  at 
stiff  consistency.  Deformations  occur  slowly  and  removal  of 
load  causes  very  little  rebound.  Shrinkage  properties  combined 
with  alternate  wetting  and  drying  under  field  conditions  are 
likely  to  cause  cracking  in  rigid  pavements. 

Group  A-7. — Similar  to  Group  A-6,  but  at  certain  moisture 
contents  deforms  quickly  under  load  and  rebounds  appre- 
ciably upon  removal  of  load,  as  do  subgrades  of  Group  A-5. 
Alternate  wetting  and  drying  under  field  conditions  leads  to 
even  more  detrimental  volume  changes  than  in  Group  A-6  sub- 
grades.  May  cause  concrete  pavements  to  crack  before  setting 
and  to  crack  and  fault  afterwards.  May  contain  lime  or  asso- 
ciated chemicals  productive  of  flocculation  in  soils. 

Group  A-8. — Very  soft  peat  and  muck  incapable  of  supporting 
a  road  surface  without  being  previously  compacted. 

NONUNIFORM  SUBGRADES 

Soils  of  these  groups  cause  concrete  pavements  to 
crack  or  fault  excessively  and  flexible  types  to  fail  or  to 
develop  rough  riding  surfaces. 

Group  B-l. — Nonuniform  natural  ground  due  to  abrupt 
variation  in  soil  characteristics  or  soil  profile,  or  to  frequent 
change  in  field  conditions. 

Group  B-2. — Nonuniform  subgrade  due  to  nonuniform  com- 
position of  fill. 

Group  B-3. — Nonuniform  subgrade  consisting  in  part  of 
natural  ground  and  in  part  of  fill  materials. 
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Figure  30. — Photomicrographs  of  Soil  Constituents.  A. — Beach  Sand.  B. — Angular  Sand  Grain.  C. — Glacial  Sand. 
D. — Soil  Containing  Diatoms.  Note  Spongelike  Appearance.  E. — Single  Diatoms.  F. — Peat-Bog  Material. 
Note  Fibrous  Structure  and  Film  of  Water  Surrounding  Individual  Particles 
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Figure  31. — Compression  and  Expansion  Curves  for  Representative  Soil  Constituents 


|T  The  foregoing  is  not  intended  to  be  a  rigid  and  final 
soil  classification.  It  does,  however,  arrange  the  uni- 
form soils  according  to  those  physical  characteristics 
which  are  important  with  respect  to  subgrade  perform- 
ance and  in  this  manner  constitutes  the  basis  for  a 
final  classification. 

The  terms  "clay,"  "silt,"  and  "sand"  are  used  in 
defining  the  different  groups.  These  terms,  however, 
refer  to  the  physical  properties  generally  assumed  to 
be  possessed  by  these  constituents  rather  than  to  definite 
grain  sizes.  Thus  in  the  identification  of  members  of 
the  different  soil  groups  grain  size  is  subordinate  to 
physical  properties. 

The  advantage  furnished  by  this  method  of  identifica- 
tion is  illustrated  as  follows:  Assume  for  instance  a 
bulky  grained  material,  Figure  32,  A  and  B,  passing  the 
No.  20  and  retained  on  the  No.  100  sieve.  According 
to  grain  size  it  is  sand.  Physically  it  furnishes  excellent 
firm  support  for  a  road  surface.  It  does  not  possess 
either  detrimental  elasticity  or  capillarity  and  is,  con- 
sequently, a  Group  A-3  subgrade. 

A  similar  material  containing  an  appreciable  amount 
of  micaceous  particles,  Figure  32  C,  passing  the  No.  20 
and  retained  on  the  No.  100  sieve  would  also  be  sand, 
according  to  grain  size.  Physically,  however,  this 
material  possesses  both  elasticity  and  capillarity  in 
detrimental  amounts ;  and,  since  it  has  no  cohesion,  it 
is  a  Group  A-5  subgrade. 

In  this  grouping,  therefore,  sand  instead  of  being  a 
material  characterized  only  by  a  specific  grain  size 
becomes  a  Group  A-3  subgrade  having  internal  friction, 
no  cohesion,  and  capillarity  in  amount  insufficient  to 
cause  detrimental  expansion.  Members  of  the  A-3 
group  are  identified  with  respect  to  the  ability  pos- 
sessed by  their  grains  to  resist  sliding  over  each  other. 

Silt  instead  of  being  a  material  characterized  only  by 
a  given  grain  size  is  divided  into  two  groups :  A-4  sub- 


grade,  which  possesses  internal  friction,  capillarity  in 
appreciable  amount,  and  neither  cohesion  nor  elasticity 
in  appreciable  amount;  and  A-5,  subgrade  which  has 
internal  friction,  both  capillarity  and  elasticity  in  ap- 
preciable amount,  and  no  cohesion. 

Likewise,  the  clays  are  divided  into  two  groups: 
A-6  subgrade  which  possesses  both  cohesion  and  capil- 
larity in  appreciable  amount,  but  neither  internal  fric- 
tion nor  elasticity;  and  A-7  subgrade  which  possesses 
cohesion,  capillarity,  and  elasticity  in  appreciable 
amount,  but  no  internal  friction. 

This  grouping  with  respect  to  both  the  physical 
properties  of  the  soil  and  the  soil  constituents  is  il- 
lustrated diagrammatically  in  Figure  33.  Different 
positions  on  the  diagram  represent  different  combina- 
tions of  the  five  basic  physical  soil  properties.  Thus, 
for  instance,  a  point  plotted  in  the  center  of  the  diagram 
represents  the  perfect  A-3  subgrade,  having  a  maximum 
amount  of  internal  friction.  As  the  position  of  the 
point  shifts  from  the  center  to  the  outer  boundary  of 
the  diagram  the  magnitude  of  internal  friction  decreases 
gradually  from  a  maximum  to  negligible  amounts. 
As  a  point  shifts  along  the  circumference  from  the 
bottom  to  the  top  of  the  chart  the  indicated  soil  changes 
gradually  from  the  compressible  to  the  elastic  type. 

Adding  compressible  materials  in  increasing  amounts 
therefore  gradually  changes  a  group  A-3  sand  first  to 
a  nonplastic  variety  of  the  A-2  subgrade;  second,  to  a 
well  graded  A-l  subgrade;  third,  to  a  plastic  variety  of 
the  A-2  subgrade  and  last  to  either  a  Group  A-4  or 
Group  A-6  subgrade. 

The  friable  variety  (sand  predominating)  differs 
from  the  plastic  variety  (clay  predominating)  of  the 
Group  A-2  subgrade  in  the  following  manner.  A 
friable  variety,  to  remain  stable,  requires  the  cohesion 
furnished  by  capillary  pressure  and  therefore  is  likely 
to  be  highly  stable  on  damp  and  unstable  on  thoroughly 
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Figure  32. — Photomicrographs  of  Material  Passing  the 
No.  20  and  Retained  on  the  No.  100  Sieve.  A. — Crushed 
Angular  Sand.  B. — Subangular  River  Sand.  C. — 
Mica  Flakes 

dry  subgrades.  The  plastic  variety,  in  contrast,  re- 
mains stable  when  fairly  dry  and  is  apt  to  soften  on 
damp  subgrades. 

Thus  one  sees  that  the  uniform  subgrade  groups  may 
be  defined  with  respect  to  properties  summarized  as 
follows : 

Group  A-l. — High  internal  friction,  high  cohesion,  no  detri- 
mental shrinkage,  expansion,  capillarity,  or  elasticity. 

Group  A— 2. — High  internal  friction  and  high  cohesion  only 
under  certain  conditions.  May  have  detrimental  shrinkage, 
expansion,  capillarity,  or  elasticity. 


'OA^ESsiBO^ 


Figure  33. — Diagram  Illustrating  Characteristics  of  Uni- 
form Subgrade  Groups 

Group  A-3. — -High  internal  friction,  no  cohesion,  no  detri- 
mental capillarity,  or  elasticity. 

Group  A-4- — Internal  friction  variable,  no  appreciable  cohe- 
sion, no  elasticity,  capillarity  important. 

Group  A-5. — Similar  to  A-4  and  in  addition  possesses  elas- 
ticity in  appreciable  amount. 

Group  A-6. — Low  internal  friction,  cohesion  high  under  low 
moisture  content,  no  elasticity,  likely  to  expand  and  shrink  in 
detrimental  amount. 

Group  A-7. — Similar  to  A-6  but  possesses  elasticity  also. 

Group  A-8. — Low  internal  friction,  low  cohesion,  apt  to  possess 
capillarity  and  elasticity  in  detrimental  amount. 
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THE  EFFECT  OF  WATER-GAS  TAR  ON  THE  STRENGTH 
AND  ALKALI  RESISTANCE  OF  CONCRETE 


Reported  by  Dr.  E.  C.  E.  LORD,  Petrographer,  United  States  Bureau  of  Public  Roads 


IN  PREVIOUS  investigations  carried  on  by  the  Bu- 
reau of  Public  Roads  with  tar  and  paraffin  as  a 
means  for  protecting  concrete  against  alkali  attack,1 
no  quantitative  data  were  obtained  regarding  the  effect 
of  the  tar  treatment  on  the  strength  of  the  concrete 
or  its  resistance  to  the  action  of  sulphate  solutions 
under  severe  service  conditions. 

It  was  planned  at  the  outset  of  the  investigation 
reported  herein  to  carry  out  strength  tests  simultane- 
ously on  treated  and  untreated  specimens  stored  out 
of  doors  in  tap  water  at  Arlington  Farm,  Va.,  and  in 
the  sulphate  water  of  Medicine  Lake,  S.  Dak.  It  was 
found,  however,  that  many  of  the  lake  specimens  were 
so  severely  attacked  after  a  comparatively  short  period 
that  the  relative  degree  of  protection  offered  by  the 
various  tar  treatments  could  best  be  obtained  by  re- 
cording the  conditions  of  the  samples  from  year  to 
year. 

J  PREPARATION  OF  SPECIMENS 

The  concrete  test  specimens  employed  in  the  pres- 
ent investigations  were  3  by  6  inch  cylinders  of  1:2:4 
and  1 : 1  }-2 : 3  mix,  and  of  medium  and  wet  consistency, 
made  up  in  batches  of  3  each  with  Potomac  River 
sand  (fineness  modulus  2.60)  and  Potomac  River  gravel 
graded  from  three-fourths  to  one-half  inch  (60  per 
cent)  and  from  one-half  to  one-fourth  inch  (40  per 
cent).  The  cement  used  passed  all  standard  specifi- 
cation requirements. 

The  mixes  were  proportioned  with  a  water-cement 
ratio  of  1.25  for  the  1:2:4  mix  and  0.86  for  the  1 :  l}{ :  3 


mix,  of  wet  consistency  (flow  180),  and  1.10  for  the 
1:2:4  mix  and  0.83  for  the  1  :iy2:3  mix,  of  medium  con- 
sistency (flow  140). 

The  specimens  for  compressive  strength  determina- 
tions were  cured  for  7,  28,  and  90  days  in  damp  air 
and  14  days  in  dry  air  for  1:2:4  concrete  of  medium 
consistency  (Table  1);  and  14  days  in  damp  air  and 
3,  14,  28,  and  60  days  in  dry  air  for  1:1#:3  and  1:2:4 
mixes  of  medium  consistency  (Tables  2  and  3).  Speci- 
mens of  l:l}o:3  and  1:2:4  concrete,  medium  and  wet 
consistency,  for  exposure  to  alkali  action  were  cured 
for  14  days  in  damp  air  and  3,  7,  14,  28,  and  60  days 
in  dry  air  (Table  4)  before  receiving  tar  treatment. 

Immediately  after  curing,  water-gas  tar  conforming  to 
grade  T W-l-X  of  the  provisional  specifications  for  tars 
for  use  in  the  protection  of  cement  concrete  2  was  applied 
to  the  concrete  in  brush  coats.  The  quantity  of  tar 
absorbed  after  each  application  was  determined  sepa- 
rately and  calculated  on  a  percentage  basis  from  the 
weight  of  the  imtreated  specimen.  Following  the  prim- 
ing coats  of  water-gas  tar  alternate  batches  of  3  cylinders 
each  were  given  one  seal  coat  of  coal  tar  conforming  to 
grade  TR-1-25  of  the  provisional  specifications. 

After  treatment,  the  samples  for  alkali  exposure  were 
shipped  in  specially  prepared  crates,  each  containing 
8  batches  (24  specimens),  to  Medicine  Lake,  S.  Dak.3 

The  specimens  for  strength  determination  were 
treated  in  the  same  way  and  stored  at  Arlington  Farm, 
Va.,  in  a  galvanized  iron  tank  of  about  400  gallons 
capacity,  in  which  the  water  was  frequently  renewed. 


Table   1. — Compressive  strength  of  1:2:4  concrete  of  medium  consistency  treated  with  water-gas  tar  and  coal  tar  after  storage  from  one 

week  to  one  year  in  tap  water  a 


1 

3 

3 

4 

5 

G 

7 

8 

9 

10 

11 

13 

13        14 

15 

16 

17 

18       19 

30       31 

Batch 

Curing 

Treatment 

Tar 
ab- 
sorb- 
ed 

Pene- 
tra- 
tion 

Strength  after  stated  number  of  weeks 
in  water  (pounds  per  square  inch) 

Per  cent  increase  in  strength 
after  stated  numberof  weeks  b 

Strength  rating  after  stated 
number  of  weeks  in  water 

No. 

1 

2 

4 

13 

26 

52 

2 

4 

13 

26 

52 

2 

4 

13 

20 

52 

1 

Days 
7  damp  air,  14  dry 
air. 

do 

do 

do... 

do 

28  damp  air,  14  dry 
air. 

do 

do 

do 

No.  of  coats 
Untreated 

p.ct. 

Ivch 

1,968 

2,065 
1,  645 

1,672 
1,681 

1,998 

1,971 
1,905 

2,014 
2,018 

2,201 

2,014 
2,039 

2,144 
1,963 

2,630 

2,503 
2,282 

2,033 
2,157 

2,588 

2,360 
2,227 

2,183 

1,983 

3,637 
3,476 

3,053 

2,775 
2,675 

2,679 
2,  386 

3,655 

2.895 
2,935 

3,010 
2,970 

2,923 

2,793 
2,795 

2,936 

1.5 

-4.6 
15.8 

20.5 
20.0 

11.8 

-2.5 
24.0 

28.2 

10.8 

33.7 

21.2 
38.7 

21.6 
28.3 

31.5 

14.3 

35.4 

30.6 

18.0 

55.1 

34.4 
62.7 

60.2 
41.9 

0.5 

-16.7 

1.7 

-6.7 
3.1 

-13.9 

5.3 
(1.  1 

6.2 

P.ct. 
100 

98.6 
95.3 

100.8 
101.0 

P.cl. 

100 

91.5 
92.6 

97.4 
89.2 

P  et. 
100 

95.2 
86.8 

77.3 
82.0 

P.ct. 

100 

91.2 
86.1 

84.4 
76.6 

100 

95.  5 
79.3 

88.7 
79.2 

100 

78.  2 
82.2 

81.5 

P.ct. 
100 

2 
3 

4 
5 

6 

4  water-gas  tar 

4  water-gas  tar,  1 

coal  tar. 

8  water-gas  tar 

8  water-gas  tar,  1 

coal  tar. 

0.42 

0.77 

0.93 
1.36 

H 
U 

90.9 
87.6 

87.7 
78.1 

100 

7 

4  waLer-gas  tar 

4  water-gas  tar,  1 

coal  tar. 

6  water-gas  tar 

6  water-gas  tar,  1 

coal  tar. 

0.20 
0.78 

0.62 
0.93 

Me 
Me 

79.2 

8 

2,885 

3,228 
2,882 

3,395 

2,792 
2,765 

80.3 

9 

82.3 

10 

do 

81.3 

11 

00  damp  air,  14  dry 

air. 
do 

do 

12 

4  water-gas  tar 

4  water-gas  tar,  1 
coal  tar. 
do 

0.37 
0.69 

0.62 

V$2 

13 

14 

do  . 

"  Test  results  indicate  averages  of  three  samples  in  each  batch. 

1  Per  cent  increase  in  strength  was  calculated  from  values  obtained  at  one  week  and  six  months. 

'  Public  Roads,  vol.  5,  No.  3,  May,  1924;  vol.  6,  No.  11,  January,  1926;  and  vol.  8,  No.  6,  August,  1927. 
1  Public  Roads,  vol.  8,  No.  6,  August,  1927,  p.  107. 

3  Medicine  Lake  is  situated  18  miles  northwest  of  Watertown,  S.  Dak.,  and  is  extremely  rich  in  alkali,  the  sulphate  content  of  the  water  varying  according  to  the 
season  of  the  year  from  2.14  to  3.06  per  cent  magnesium  sulphate  and  from  0.12  to  1.34  per  cent  sodium  sulphate.    Public  Roads,  vol.  6,  No.  8,  October,  1925,  p.  175. 
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Table  2. — -Compressive  strength  of  1:  V  ■<  :S  concrete,  medium  consistency,  treated  with  water-gas  tar  and  coal  tar  after  storage  from  30  to  40 

months  in  tap  water 


1 

2 

3                           4 

5 

6 

7 

8             9 

10           11 

12 

13 

Batch  No. 

Crate 
No. 

HH£S" 

Treatment 

Tar 
ab- 
sorb- 
ed 

Pen- 
etra- 
tion 

Strength  after  stated  number  of 
months  in  water,  pounds  per 
square  inch 

Strength 
devia- 
tion i 

Strength 
rating 

30 

34 

38 

40 

1.. 

f            3 

Days 
14  damp  air,  3  dry  air.. 
do     . 

No.  of  coats 

P.ct. 

Inch 

4,460 
4,773 
5,157 
4.  927 
4,  985 

Per  cent 
8.1 
1.6 
6.3 
1.5 
2.7 

Per  cent 

2 :  : ::::::::::::::. 

3 

3 

3 

I            2 

do -. 

3 ..]}  110 

do  .  . 

..  do 

4 

do    . 

...do 

5 :         :             J 

do 

..  do 

14 

4,852 

100 

14  damp  air,  3  dry  air. 
do 

2  water-gas  tar 

6 

'    90 

f           3 

3 
3 

0.70 
1.17 
.88 
1.44 
1.15 
2.04 
1.23 
1.89 

Mi 
Mi 
Va 

Mi 
Mi 
Mi 
Me 
H« 

4,823 
4,837 
4,947 
5,370 
4,263 
5,033 
5  080 
4  503 

-0.7 
-0.4 
+1.9 
+10.6 
-12.2 
+3.6 
+4.6 
-7.3 

W    1 

?::.: 

2  water-gas  tar,  1  coal  tar 

99.7 

8 

dn 

101.9 

9 

3  | do 

3                rin 

3  water-gas  tar,  1  coal  tar 

110.7 

10 

87.8 

11 

3 

3 
3 

do . 

do 

do 

4  water-gas  tar,  1  coal  tar 

103.7 

12 

104.8 

13 

5  h  ater-gas  tar,  l  coal  tar 

4  coats _ 

92.7 

24 

1.31 

Mi 

4,  857 

100.  1 

14  damp  air,  14  dry  air. 

do 

do... 

4  water-gas  tar 

14 

>    98 

3 
3 
3 
3 
3 
3 
3 
I            3 

.62 
.90 
.7(1 
1.08 
.82 
1.  11 
1.06 
.94 

Me 
Mo 

M 
M 
M 
M 
M 
M 

3.  963 
4,070 
4. 150 
3,863 
4, 157 
3,  673 
3,437 

+0.6 
+  1.5 
+4.2 
+6.3 
-1.1 
+6.5 
-5.9 
-12.0 

15  .. 

4  water-gas  tar,  1  coal  tar 

6  water-gas  tar _ 

16.... 

17 

do  ...           

6  water-gas  tar,  1  coal  tar 

6  water-gas  tar.. 

18 

do- 

19  

do 

6  water-gas  tar,  1  coal  tar 

20... 

do 

21 

6  water-gas  tar,  1  coal  tar 

6  coats. 

24 

.91 

M 

3,905 

14  damp  air,  28  drv  air. 
do.. 

Untreated 

22 

1  102 

(             3 
2 
3 

s 

3 
3 
3 

4,660 
4,650 
4,617 
4,647 
l.^v; 
4,  663 
4.690 
4,697 

100 

23 

3  water-gas  tar,  1  coal  tar 

.96 

.69 
.91 
.69 
1.06 

.65 
1.04 

Me 

Me 
Me 

M 

M 
M 
M 

-0.9 
-1.6 
-1.0 

+4.0 
-0.7 
-0.1 
+0.1 

99.8 

24 

do  . 

99.1 

25 

-—do 

do 

4  water-gas  tar,  1  coal  tar 

99.7 

26 

104.8 

27 .. 

do 

100. 1 

28 _ 

..  do 5  water-eas  tar 

100.7 

29.. _. 

.do... 

5  water-gas  tar,  1  coal  tar 

100.8 

Crate  total  and  averages. . 

23 

.86 

Mo 

2  4,  694 

100.6 

14  damp  air,  60  drv  air. 
do 

Untreated 

30 

■  106 

3 
3 
3 
3 
3 
3 
3 
3 

5,163 
4,820 
5,140 
5,  163 
5,  277 
5, 140 
4.980 
5,080 

Km 

31 

2  water-gas  tar,  1  coal  tar 

.69 
.38 
.74 
.47 
.47 
.53 
.80 

Mi 
Mi 
Mi 

Mi 

Ma 

Mi 

Ml 

-5.2 

+  1.1 

93.3 

32 

do.... 

99.5 

33 

do... 

3  water-gas  tar,  1  coal  tar 

+  1.5              100.0 

34 

do 

..do 

+3.8 
+  1.1 
-2.  1 
-0.1 

102.2 

35.... 

4  water-gas  tar,  1  coal  tar 

99.5 

36... 

IlZIIdo""""""""! 

96.4 

37 

4  water-gas  tar,  1  coal  tar 

98.4 

24 

4  coats 

.58 

Mi 

",  IIKC 

98.7 

1  Strength  deviation  indicates  averages  of  each  batch  compared  with  the  crate  average. 

2  Average  of  treated  samples. 


TREATED  AND  UNTREATED  CYLINDERS  SHOW  LITTLE  DIFFERENCE 
IN  ULTIMATE  STRENGTH  AFTER  STORAGE  IN  TAP  WATER 

In  Table  1  are  given  the  results  of  compression  tests 
of  1:2:4  concrete  cylinders  of  medium  consistency, 
treated  in  batches  of  3  cylinders  each  with  water-gas 
tar  and  coal  tar  after  storage  from  one  week  to  one 
year  in  tap  water. 

It  will  be  observed  that  tar  absorption  (columns  4 
and  5)  decreased  as  time  of  curing  increased  (column 
2),  and  that  the  strength  developed  is  at  a  minimum 
with  maximum  tar  absorption  for  samples  cured  for  a 
short  period  of  time  (batches  2  to  5,  columns  11  and 
21).  The  results  indicate  that  the  average  increase  in 
strength  for  the  treated  material  between  the  ages  of  1 
week  and  1  year  is  about  the  same  as  for  the  untreated 
material  (batches  1  to  5,  columns  12  to  16),  but  the 
strength  of  the  treated  samples  after  one  year  in  water 
averages  about  14  per  cent  less  than  that  of  the 
untreated  specimens  (column  21). 

For  samples  cured  28  days  in  damp  air  and  14  days 
in  dry  air  before  receiving  the  tar  treatment  (batches 
6  to  10)  the  results  were  inconclusive,  some  batches 
indicating  a  slight  gain  (batches  8  and  10,  column  16) 
and  others  an  appreciable  loss  in  strength  during  the 
six  months  to  one  year  period  (batches  7  and  9,  column 


16).  The  average  strength  rating  of  these  samples 
after  one  year  was  about  81  (column  21). 

A  more  consistent  gain  in  strength  was  indicated  by 
specimens  cured  for  90  days  in  damp  air  and  14  days  in 
dry  air  (batches  12  to  14,  column  16)  where  the  values 
obtained  indicated  an  average  gain  of  about  4  per  cent 
between  6  months  and  1  year  in  water.  A  retrogression 
in  strength  of  over  16  per  cent  between  6  months  and 
1  year  for  the  untreated  specimens  belonging  to  this 
group  (batch  11,  column  16)  would  render  the  computa- 
tion of  the  strength  ratings  at  the  age  of  1  year  mis- 
leading, but  if  computed  on  the  basis  of  the  strength 
of  the  untreated  samples  after  26  weeks  in  water 
(batch  11,  column  10)  the  strength  ratings,  of  these 
batches  would  average  essentially  the  same  at  the  age 
of  6  months  as  those  of  the  foregoing  group  at  the  age 
of  1  year,  or  about  81. 

From  these  results  it  may  be  concluded  that  the  tar 
treatment  retards  strength  development  in  concrete 
up  to  a  period  of  1  year  in  water;  the  loss  in  strength 
averaging  from  about  15  to  20  per  cent  compared  with 
that  of  the  untreated  material. 

It  will  be  observed  from  the  following  data,  however, 
that  after  longer  storage  the  effect  of  the  tar  treatment 
on  the  strength  of  concrete  is  much  less  apparent. 
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Table  3. 


-Compression  strength  of  1:2:4  concrete,  medium  consistency,  treated  with  water-gas  tar  and  coal  tar  after  storage  from  SO  to  40 

months  in  tap  water 


1 

2 

:$ 

4 

5 

6 

7 

8 

9 

10 

11 

13 

13 

Batch  No. 

Crate 
No. 

Samples 
tested 

Curing 

Treatment 

Tar 
ab- 
sorb- 
ed 

Pen- 
etra- 
tion 

Strength  after  stated  number  of 
months  in  water,  pounds  per 
square  inch 

.Strength 
devia- 
tion! 

Strength 
rating 

30 

34 

38 

40 

I..JL 

•    92 

f           3 
3 
3 
3 
3 
3 
3 
3 

Days 
14  damp  air,  3  drv  air. 
do.... 

No.  of  Coats 
Untreated 

P.ct. 

Inch 

3,740 
3,  740 
3  Ii30 

Per  cent 

+6.6 
+3.5 
-1.8 
+4.4 
-8.0 
-9.6 
+4.8 

Per  cent 
100 

2 

2  water-gas  tar,  1  coal  tar 

1.05 
1.02 
1.23 
1.00 
1.46 
1.16 
) .  49 

Me 
Mo 
Me 

i  s 

100  0 

3 

do 

do... 

do 

do 

do 

3  water-gas  tar 

97  1 

4 _ 

3  water-gas  tar,  1  coal  tar 

4  water-gas  tar 

3,  443 
3,  663 

3,227 
3,170 
3  077 

92  0 

5_.._ 

98  0 

6 

4  water-gas  tar,  1  coal  tar 

86  3 

7 

8 _ 

do 

5  water-gas  tar,  1  coal  tar 

i 

98  3 

Crate  total  and  averages. ..I.. 

24 

4  coats     

1.20 

Mo 

2  3,  507 

94  6 

'  100 

14  damp  air,  14  drv  air . 

do 

do 

do.... 

do 

..do 

3  water-gas  tar 



9 

3 
3 
3 
3 
3 
3 
3 
3 

.64 

1.02 

82 

1.05 

.88 
1.  14 

.94 
1,15 

H 
H 

2,977 
2,860 
3,083 
3  420 

-3.3 

-7.1 
+0.1 

+  11.1 
+0.5 
fl.4 
+3.  9 
-6.7 

10 _ 

3  water-gas  tar,  1  coal  tar 

11 

12..._ 

4  water-gas  iar,  1  coal  tar 

i 

13 

3,093 
3,  12:! 
3,  200 

2,873 

14 

15 

do 

6  water-gas  tar 

16 

do 

6  water-gas  tar,  1  coal  tar 

coats 

Crate  total  and  averages.. 

24 

0.96 

H 

3.079 

•  104 

14  damp  air,  28  dry  air 
do 

17 _ 

f            3 
3 
3 
3 
3 
3 

3 

3,  200 
2, '.isii 

2,  923 

3,  057 
3,  030 
3,  223 
3,  KIT 
3, 1 70 

100 
91.4 

18. ! 

3  water-gas  tar,  1  caol  tar 

4  water-gas  tar .     .. 

1.02 
.82 

1.13 
.82 

1,10 
.91 

1.35 

Mr. 
Mo 

u 

H 

U 
M 
M 

-2.  9 

19 

do. 

—  4.8               89.7 

20 I 

do 

t  water-gas  tar,  1  coal  tar 

5  water-gas  tar 

-0.  4               93.  8 

21 

do 

-1.3 
+5.0 
+  1.2 
+3.3 

93.0 

22 

do... 

do. 

5  water-gas  tar,  1  coal  tar 

6  water-gas  tar _  _     ...  . 

9S.9 

23 

95  3 

24 1 

..      do. 

6  water-gas  tar,  1  coal  tar 

87   2 

14  damp  air,  00  drv  air. 
do    . 

24 

3 
3 
3 
3 
3 
3 
3 
3 

1.02 

Vi 

2  3,  070 

95.0 

'  108 

25 _ 

3,503 
3,  637 
3,  693 
3,  267 
3,413 
3,440 
3,603 
4,010 

100 

26 

2  water-gas  tar,  1  coal  tar 

3  water-gas  tar 

3  water-gas  tar,  1  coal  tar 

.88 

1.08 
85 
1.20 
.94 
1,14 

a 

n 

Vt 
M 
M 
M 

+  1.6 
+3.2 
-8.7 
-4.7 
-3.9 
+0.6 
+  12.0 

103.8 

27 

do... 

do.... 

do 

105.  4 

28 



93  2 

29 

. 

•J7.  4 

30 

do 

4  water-gas  tar,  1  coal  tar 

98.  2 

31 

do 

.  do. 

102  8 

32 

5  water-gas  tar,  1  coal  tar 

114   S 

Crate  and  total  averages. 

24 

0.96 

H 

!  3,  580 

101.9 

1  Strength  deviation  indicate  averages  of  each  batch  compared  with  the  crate  average. 
'Average  of  treated  samples. 


In  Tables  2  and  3  are  recorded  the  results  of  com- 
pression tests  on  1:1^:3  and  1:2:4  concrete  of  medium 
consistency  after  30  to  40  months  in  tap  water.  The 
specimens  are  duplicates  of  those  receiving  the  same 
treatment  (column  5)  that  were  sent  to  Medicine  Lake 
for  exposure  to  alkali  action  and  have  been  given  the 
same  crate  numbers  (column  2). 

The  test  results  indicating  averages  of  samples  from 
each  batch,  as  well  as  averages  of  all  samples  from  each 
crate  are  given  in  columns  6  to  13.  The  average 
strength  of  the  individual  batches  of  3  cylinders  each 
receiving  varying  quantities  of  tar  was  found  to  deviate 
somewhat  from  that  of  the  crate  as  a  whole  and  this 
deviation,  computed  in  percentage  (column  12)  has 
served  as  an  index  for  comparison  where  strength 
ratings  were  not  obtained. 

It  will  be  observed  that  the  average  quantity  of  tar 
absorbed  reached  a  maximum  in  samples  of  both  mixes 
cured  for  14  days  in  damp  air  and  3  days  in  dry  air 
(Table  2,  batches  6  to  13,  column  6,  and  Table  3, 
batches  2  to  8,  column  6),  and  that  in  the  richer  mixes 
the  quantity  absorbed  decreases  with  increase  in  time 
of  curing  until  a  minimum  is  reached  at  60  days  in  dry 
air  (Table  2,  batches  31-37).  With  the  leaner  mixes 
the  amount  absorbed  is  nearly  uniform  beyond  a  curing 
period  of  3  days  in  dry  air  (Table  3,  batches  9-32). 
The  extent  of  penetration  varies  considerably,  being 
appreciably  greater  in  the  leaner  mixes  (Table  3, 
column  7). 


These  results  indicate  that  the  constituents  of  the 
hydrated  cement  are  in  an  extremely  tar-absorbent 
condition  shortly  after  removal  of  the  concrete  from 
damp-air  curing;  but  that  after  exposure  to  dry  air 
these  compounds,  essentially  colloidal  in  character, 
presumably  undergo  a  change  in  structure  and  become 
less  absorptive  through  loss  of  moisture  and  the  action 
of  atmospheric  agencies. 

Regarding  the  effect  of  the  tar  treatment  on  the 
strength  of  concrete  after  2  years  and  more  in  water, 
the  test  results  indicate  in  the  case  of  the  richer  mixes 
(Table  2)  that  while  a  slight  reduction  in  strength  has 
occurred  in  some  batches  the  average  of  the  crate 
groups  about  equals  that  of  the  untreated  material 
(Table  2,  columns  8  to  13). 

As  regards  the  leaner  mixes  (Table  3),  the  results 
indicate  that  while  certain  batches  have  fallen  off  in 
strength,  especially  for  samples  cured  for  shorter 
periods  in  dry  air  (batches  6  and  7,  columns  11  to  13), 
the  average  strength  for  each  crate  approaches  closely  to 
that  of  the  untreated  material  (Table  3,  columns  8  to  13). 

From  an  examination  of  Tables  2  and  3  it  is  evident 
that  no  definite  relationship  can  be  found  between 
quantity  of  tar  absorbed  and  strength  development. 
Many  batches  receiving  a  maximum  quantity  of  tar 
developed  a  strength  as  great  as  or  greater  than  those 
receiving  a  minimum  quantity  (batches  6  and  11,  16, 
and  19,  32  and  37,  in  Table  2,  and  batches  3  and  8,  9 
and  14,  19  and  24,  in  Table  3). 
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Table  4. — Exposure  tests  of  concrete  treated  with  water-gas  tar  and  coal  tar  and  stored  in  alkali  water  at  Medicine  Lake,  S.  Dak. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

13 

13 

14 

15 

16 

17 

18 

19 

Batch 
No. 

Crate 
No. 

Mix 

Consistency 

Curing 

Treatment 

Aver- 
age tar 

ab- 
sorbed 

Sampl 

?s  attacked  after  stated  number  of 
months  in  lake 

Time 
of 

6 

9 

12 

15 

18 

21 

24 

27 

33 

36 

39 

failure 

1 

Ill) 
90 
91 
94 
95 
98 
99 
102 
103 
106 
107 
111 

112 

92 
93 
96 
97 
100 
101 
104 
105 
108 
109 
113 
114 
115 

116 

117 
118 

1:1*4:3 

1 :  1 1  .  3 
11'.  3 
1 : 1 '  2 :  3 

1    1'  .3 

I    1*4:3 

1    1 '  ■ :  3 

i   LH:3 
1:1*4:3 
1: 1*4: 3 
1:1*4  3 
1: 1*4: 3 

1:1*4:3 

1:2:4 
1:2:4 
1:2:4 
l  2:4 
1:2:4 
1:2:4 
1:2:4 
1:2:4 
1:2:4 
1:2:4 
1:2:4 
1:2:4 
1:2:4 

1:2:4 
1:2:4 
1:2:4 

Medium 

do 

Wet 

Medium 

Wet 

Days 

No.  of  Coals 
Untreated 

Per  cent 

24 
0 
0 

Fi 

3 
2 

Months 
27 

2 

\"\do\ll\\\\\""""\\\.~l\V. 

2,  3,  4,  5,  water-gas  tar,  1  coal  tar.. 
do 

4,  6,  8,  water-gas  tar,  1  coal  tar... 
4,  6,  7,  water-gas  tar,  1  coal  tar.. 
4,  6,  water-gas  tar,  1  coal  tar 

2,  3,  4,  5,  water-gas  tar,  1  coal  tar_. 

3,  4,  5.  water-gas  tar,  1  coal  tar__ 
do 

2,  3,  4,  water-gas  tar,  1  coal  tar.. 

2,  3,  4,  5,  water-gas  tar,  1  coal  tar.. 
2  water-gas  tar,  paraffin,  and  lin- 
seed oil. 

3,  4,  water-gas  tar,  paraffin,  and 
linseed  oil. 

2,  3,  4,  5,  water-gas  tar,  1  coal  tar._ 
do 

1.34 
.91 
1.35 
1.12 
.96 
.63 
.86 
.73 
.58 
.77 
.63 

3 
9 

3 

4 

1 
0 

9 
0 

14 
12 

» 

5 

do... 

6 

Medium 

Wet 

"i 

24 

0 
6 
10 
3 

2 
19 
22 

19 

10 
F 
F 
F 

F 

do. 

33 

8 

Medium 

Wet 

Medium 

Wet 

33 

9 

do 1 

33 

10 

16 

F 

33 

11 

..do 

18 

12 

Medium 

do 

do 

Wei 

0 

0 

3 
0 

13 

do 

14  damp  air,  3  drv  air.   _. 

.72 

14 

1.01 
.91 

1.40 

1.35 
.98 

1.01 
.99 
.86 
.94 
.93 
.74 
.98 
.97 

.77 
.80 
1.38 

8 
19 

12 
F 

12 

15 

do 

27 

16 

M  edium 

Wet 

4,  6,  8,  water-gas  tar,  1  coal  tar... 
do 

1 

6 

12 

21 

24 
F 

17 

do... 

.... 

36 

18 

Medium 

Wet.   

Medium 

\\  1  ! 

3,  4,  5,  6,  water-gas  tar,  1  coal  tar. . 

4,  6,  5,  7,  water-gas  tar,  1  coal  tar. . 
3,  4,  5,  6,  water-gas  tar,  1  coal  tar.. 

...do... 

~24~ 
24 
10 
12 

"6" 

24 

24 

F 

F 

21 

19 

do 

14  damp  air,  28  drv  air       

21 

20 

F 
F 
F 
F 

18 

21 

do     

18 

22 

Medium 

Wet 

2, 3,  4,  5,  water-gas  tar,  1  coal  tar.. 
do... 

18 

23 

...do  .. 

18 

24 

Medium 

do 

do 

do 

14  damp  air,  7  dry  air.     .     .  .. 

2  water-gas  tar  and  paraffin 

3,  4,  water-gas  tar  and  paraffin.. 
2,  3,  4,  water-gas  tar  and  lubri- 
cating oil. 

2,  4,  water-gas  tar  and  paraffin... 
2  water-gas  tar  and  paraffin 

4,  5,  water-gas  tar  and  paraffin... 

21 
24 
0 

0 
0 

F 
F 
F 

F 
F 

21 

25 

y///.do'/////.y////.y//.y/...-'... 

....do 

1 

21 

26 

21 

27 

21 

28 

do 

do 

;"IIdo"""I"""I"I~I"™ 

21 

29 

F 

18 

1 

1  F  indicates  failure  of  all  specimens. 

From  the  results  thus  far  obtained  it  may  be  con- 
cluded that  while  the  tar  treatment  somewhat  retards 
the  early  strength  development  of  concrete  stored  in 
water,  the  effect  of  the  treatment  decreases  with  time 
of  storage,  the  average  strength  ultimately  attained 
varying  but  little  from  that  of  the  untreated  material. 

RESULTS  OF  EXPOSURE  TESTS  INDICATE  VALUE  OF  WATER-GAS 
TAR  TREATMENT  UNDER  PROPER  CONDITIONS  OF  MIX,  CON- 
SISTENCY, AND  CURING 

The  cylinders  placed  in  Medicine  Lake  for  exposure 
to  alakli  action  were  prepared  and  treated  in  the  same 
way  as  those  used  in  the  strength  tests  except  that 
mixes  of  both  medium  and  wet  consistency  were  em- 
ployed, and  in  some  cases  (Tables  4,  batches  12,  13,  and 
24  to  29)  a  small  quantity  (10  per  cent  by  weight  of 
tar)  of  paraffin,  linseed  oil  or  lubricating  oil  (viscosity 
2.85,  Saybolt)  was  incorporated  with  the  tar. 

The  test  results  are  given  in  Table  4,  in  which  the 
indicated  values  represent  averages  of  24  specimens 
tested  in  each  crate. 

It  may  be  noted  that  the  indicated  quantity  of  tar 
absorbed  is  of  the  same  general  order  as  that  previously 
recorded  for  the  strength  tests.  That  is  to  say,  samples 
of  both  mixes  cured  for  shorter  periods  in  dry  air 
(batches  2  to  5  and  14  to  17,  columns  5  to  7)  are,  in 
general,  more  absorptive  than  those  cured  for  longer 
periods  (batches  6  to  11  and  18  to  23,  columns  5  to  7). 
The  results  indicate  also  that  the  dryer  mixes  are,  on 
the  whole,  more  tar  absorptive  than  the  wet  mixes 
cured  for  the  same  length  of  time  (batches  2  to  11,  14 
to  23,  columns  4  and  7). 

The  effect  of  alkali  action  on  the  specimens  is  indi- 
cated in  columns  8  to  19,  in  which  the  number  of 
specimens  attacked  in  each  crate  is  given,  as  of  the 
time  of  inspection. 

It  will  be  observed  that  after  an  exposure  period  of 
from  6  to  15  months  (columns  8  to  11)  all  samples  of 
untreated  1 :!/:>:  3  concrete,  medium  consistency,  cured 


for  14  days  in  damp  air  and  3  days  in  dry  air  had  been 
attacked  (batch  1,  column  11)  while  samples  of  the 
same  mix,  medium  and  wet  consistency,  cured  in  the 
same  way  and  receiving  from  2  to  5  coats  of  water-gas 
tar  and  1  coat  of  coal  tar  were  intact  (batches  2  and  3, 
column  11).  It  wrill  be  noted  also  that  while  the  treated 
samples  of  the  same  mix  cured  for  7  days  in  dry  air 
were  in  a  satisfactory  condition  after  12  months  in  the 
lake  (batches  4  and  5,  column  10),  the  protective 
effect  of  the  tar  treatment  decreased  in  efficiency  with 
prolonged  curing  in  dry  air  until  with  60  days'  curing 
all  samples  of  wet  consistency  were  attacked  after  6 
months  exposure  (batch  11,  column  8). 

In  the  case  of  the  leaner  mixes  (batches  14  to  23) 
the  tar  treatment  was  not  so  effective,  but  it  will  be 
noticed  that  samples  cured  for  a  short  period  in  dry  air 
before  treatment,  especially  those  of  medium  consist- 
ency, were  in  better  condition  after  12  to  14  months 
exposure  (batches  14  to  17,  columns  10  and  11)  than 
those  cured  for  a  greater  length  of  time  (batches  IS  to 
23,  columns  8  and  9). 

In  regard  to  the  relative  protection  offered  by  the 
tar  treatment  on  concrete  of  medium  and  wet  consist- 
ency (columns  4  and  7  to  19)  the  test  results  indicate 
that,  in  general,  the  dryer  mixes  are  more  tar  absorptive 
and  offer  greater  resistance  to  alkali  attack. 

In  the  tabulation  of  the  final  results  of  the  tests 
(column  19)  it  will  be  observed  that  all  batches  of  1 :2:4 
concrete  receiving  the  tar  treatment  had  failed  within 
a  period  of  from  18  to  36  months  in  the  lake  water, 
except  those  of  medium  consistency  cured  for  14  days 
in  damp  air  and  from  3  to  7  days  in  dry  air  (batches 
14  and  16,  column  19).  In  the  case  of  the  1 : 1  >o : 3 
specimens  only  batches  cured  for  14,  28,  and  60  days 
in  dry  air  had  failed  within  this  period  (batches  7  to 
11,  column  19),  the  remaining  batches,  especially  the 
batch  of  medium  consistency,  cured  for  14  days  in  damp 
air  and  3  days  in  dry  air  (batch  2,  column  18)  being 
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After  15  months  in  lak 


Wter  27  months  in  lake 


After  39  months  in  lake 


Figure  1.— Condition  of  1:1^:3  Concrete  Cylinders  of  Medium  Consistency  (Batch  2,  Crate  90)  After  15,  27,  and  39 
Months  in  Medicine  Lake,  S.  Dak.  Curing:  14  Days  in  Damp  Air,  3  Days  in  Dry  Air.  Treatment:  2,  3,  4,  and  5  Coats 
of  Water-Gas  Tar  and  1  Coat  of  Coal  Tar 


no 


After  15  months  in  lake 


After  27  months  in  lake 


Figure  2.— Condition  of  Untreated  1:1^:3  Concrete  Cylinders  of  Medium  Consistency  (Batch  1,  Crate  110) 
After  15  and  27  Months  in  Medicine  Lake,  S.  Dak.     Curing  Same  as  in  Figure 
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After  15  months  iu  la 


Figure  3. — Condition  of  1:1)4:3  Concrete  Cylinders  of  Wet  Consistency  (Batch  3,  Crate  91)  After  15,  27,  and  39 
Months  in  Medicine  Lake,  S.  Dak.     Curing  and  Treatment  Same  as  in  Figure  1 


After  15  month-  in  1 


After  27  months  in  lake 


After  3D  mouths  in  lake 


Figure  4. — Condition  of  1:2:4  Concrete  Cylinders  of  Medium  Consistency  (Batch  14,  Crate  92)  After  15,  27,  and  39 
Months  in  Medicine  Lake,  S.  Dak.     Curing  and  Treatment  Same  as  in  Figure  1 
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After  15  months  in  lake 
Figure  5. — Test  Showing  Condition  of  1:2:4  Con- 
crete Cylinders  of  Wet  Consistency  (Batch  15, 
Crate  93)  After  15  Months  in  Medicine  Lake,  S. 
Dak.  Curing  and  Treatment  Same  as  in  Figure 
1.  These  Specimens  Failed  After  27  Months  in 
the  Lake 

in  good  condition.  The  condition  of  the  cylinders  in 
this  batch,  after  15,  27,  and  39  months  exposure,  is 
shown  in  Figure  1 . 

Regarding  the  addition  of  paraffin  and  lubricating 
oil  to  the  tar,  the  results  indicate  that  these  mixtures 
are  ineffectual  in  retarding  alkali  attack,  samples  thus 
treated  having  failed  within  18  to  21  months  in  the 
lake  (batches  24  to  29,  column  19).  The  addition  of 
linseed  oil,  however,  to  the  tar  and  paraffin  mixture 
appears  to  be  beneficial  when  applied  to  the  richer 
mixes,  as  the  samples  receiving  this  treatment  (batches 
12  and  13,  column  14)  were  practically  unattached  after 
24  months  in  the  lake  '(see  fig.  6).  Linseed  oil  was  not 
used  with  the  leaner  mixes. 

PHOTOGRAPHS  SHOW  CONDITION  OF  SAMPLES 

The  condition  of  the  samples  after  exposure  to  alkali 
action  may  be  seen  from  photographs  of  the  crates 
taken  immediately  after  their  removal  from  the  lake 
at  the  time  the  yearly  inspections  were  made.  It 
should  be  stated  that  the  samples  receiving  the  mini- 
mum quantity  of  tar  were  placed  in  the  upper  tier  in 
the  crates  and  those  receiving  progressively  larger 
quantities  in  the  ones  below. 

The  condition  of  untreated  l:\y2:3  concrete  of  the 
same  consistency  and  curing  as  the  treated  samples  in 
crate  No.  90  (fig.  1),  after  15  and  27  months  in  the  lake 
is  shown  in  Figure  2. 


It  will  be  noticed  that  where  alkali  action  had  pro- 
gressed to  an  appreciable  extent  the  specimens  attacked 
were  about  evenly  distributed  throughout  the  crates  (fig. 
3,  right,  fig.  4,  center  and  right,  and  fig.  5,  batches 
3,  14,  and  15,  crates  94,  92,  and  93)  indicating  that  the 
efficiency  of  the  treatment  can  not  be  estimated  with 
certainty  by  the  quantity  of  tar  absorbed  nor  by  the 
addition  of  a  coal  tar  seal  coat.  It  will  be  seen  later 
on  that  the  degree  of  protection  is  influenced  to  a  greater 
extent  by  richness  and  consistency  of  mix  and  method 
of  curing  the  concrete  previous  to  the  treatment  than 
by  the  quantity  of  tar  applied. 

This  is  brought  out  by  comparing  the  1 : 1  }■_> :  3  cylinders 
of  medium  consistency  cured  for  14  days  in  damp 
air  and  3  days  in  dry  air  (fig.  1,  batch  2,  crate  90)  with 
those  of  wet  consistency  cured  in  the  same  manner 
(fig.  3,  batch  3,  crate  91)'.  In  crate  90  all  the  cylinders 
were  in  good  condition  after  39  months  in  the  lake 
except  3  in  the  upper  tier  which  had  received  only  2 
coats  of  water-gas  tar  (12  grams  per  cylinder),  whereas 
in  crate  91  (fig.  3,  right)  at  least  9  cylinders  which  had 
received  as  much  as  16  grams  of  water-gas  tar  and  5 
grams  of  coal  tar  each  were  badly  attacked. 

The  protective  effect  of  the  tar  treatment  on  1:1%  :  3 
concrete  decreases  with  time  of  curing  in  dry  air,  and 
it  has  been  shown  that  all  samples  cured  for  longer  than 
14  clays  in  dry  air  before  treatment  failed  after  18  to 
33  months  in  the  lake  water.  (Table  4,  batches  8  to 
11,  column  19.) 


Batch  13,  Crate  112 


Curing:    14  days  in  damp  air,  7  days  in  dry  air 

Treatment:  Batch  12,  2  coats  of  water-gas  tar  containing  10  per  cent  paraffin 
and  10  per  cent  linseed  oil;  batch  13,  3,  and  4  coats  of  water-gas  tar  con- 
taining 10  per  cent  paraffin  and  10  per  cent  linseed  oil 

Figure  6. — Condition  of  1: 1J4: 3  Concrete  Cylinders 
of  Medium  Consistency,  Treated  with  Water-Gas 
Tar  Containing  Paraffin  and  Linseed  Oil,  After  24 
Months  in  Medicine  Lake,  S.  Dak. 
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In  the  case  of  the  1:2  :4  concrete  the  conditions  are 
similar  to  those  of  the  richer  mixes  although  the  effect 
of  alkali  action  is  much  more  evident.  This  fact  may 
be  observed  by  comparing  specimens  of  medium  con- 
sistency cured  14  days  in  damp  air  and  3  days  in  dry  air 
(fig.  4,  batch  14,  crate  92)  with  samples  of  the  same  mix 
and  curing  but  of  wet  consistency  (fig.  5  batch  15, 
crate  93).  While  the  latter  samples  were  seriously 
attacked  after  15  months'  exposure  and  had  failed 
completely  within  27  months,  about  one-half  the  sam- 
ples of  medium  consistency  were  intact  at  the  end  of 
this  period  (fig.  4,  center).  These  same  samples  were 
still  in  good  condition  at  the  end  of  39  months  (fig.  4, 
right).  As  indicated  in  the  table,  all  specimens  of 
1:2  :4  concrete  cured  for  more  than  7  days  in  dry  air 
had  failed  within  18  and  21  months'  exposure  to  the 
lake  water.     (Table  4,  batches  18  to  23,  column  19.) 

A  possible  benefit  derived  by  the  addition  of  paraffin 
and  linseed  oil  to  the  water-gas  tar  when  applied  to 
1:1%: 3  concrete  is  indicated  in  Figure  6  (crates  111 
and  112,  batches  12  and  13).  It  should  be  recalled, 
however,  that  all  samples  of  1 : 2  : 4  concrete  treated  with 
paraffin  and  lubricating  oil  had  failed  after  22  months' 
exposure  (Table  4,  batch  Nos.  24  to  29,  column  19), 
and  it  seems  doubtful  if  the  addition  of  linseed  oil  to 
the  tar  would  be  of  great  permanent  benefit. 

CONCLUSIONS  SUMMARIZED 

The  results  of  the  present  investigations  lead  to  the 
following  conclusions: 

1.  The  compressive  strength  of  concrete  cured  for 
varying  periods  in  damp  and  dry  air  and  treated  with 
4  or  more  coats  of  water-gas  tar  and  1  coat  of  coal  tar 
is  somewhat  lowered  during  early  stages  of  hardening 
under  water,  but  this  loss  is  ultimately  almost  fully 
regained. 

2.  During  the  early  stages  the  strength  decreases 
rather  uniformly  with  increasing  quantities  of  tar 
absorbed,  but  when  ultimate  strength  is  attained  the 
effect  of  the  tar  is  negligible. 

3.  The  protection  against  alkali  action  afforded 
concrete  by  the  tar  treatment  is  influenced  by  the 
cement  content,  method  of  curing  and  consistency  of 
mix,  being  most  effective  in  rich  mixes  of  medium 
consistency  cured  for  a  minimum  length  of  time  in 
dry  air. 

4.  Concrete  of  wet  consistency  is  less  tar-absorptive 
and  offers  lower  resistance  to  alkali  attack  than  concrete 
of  medium  consistency  cured  in  the  same  manner, 
although  no  positive  relation  is  shown  to  exist  between 


the   amount   of   tar  absorbed  and  the   resistance  to 
alkali  attack. 

5.  The  protection  to  concrete  afforded  by  the  water- 
gas  tar  treatment,  under  the  severe  conditions  imposed 
in  this  investigation,  was  increased  only  to  a  limited 
extent  by  the  application  of  a  nonpenetrable  surface 
coat  of  coal  tar. 

6.  Concrete  of  high  cement  content,  cured  for  a  lim- 
ited period  in  dry  air  and  treated  with  water-gas  tar  is 
capable  of  offering  appreciable  resistance  to  alkali 
attack  under  the  conditions  imposed  in  the  foregoing 
investigation. 
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THE    SUBGRADE    SOIL    CONSTANTS,    THEIR    SIGNIFI- 
CANCE, AND  THEIR  APPLICATION  IN  PRACTICE 

Reported  by  C.  A.  HOGENTOGLER,  Senior  Highway  Engineer,  A.  M.  WINTERMYER,  Assistant  Highway  Engineer,  and  E.  A.  WILLIS,  Assistant  Highway 

Engineer,  U.  S.  Bureau  of  Public  Roads 

PART  II:  A  DISCUSSION  OF  THE  SOIL  CONSTANTS  AND  THE  SOIL  IDENTIFICATION  CHART 


THE  FIRST  part  of  this  series  of  articles,  published 
in  the  June,  1931,  issue  of  Public  Roads,  dealt 
with  the  five  major  physical  properties  of  soils, 
internal  friction,  cohesion,  compressibility,  elasticity, 
and  capillarity,  and  their  relation  to  subgrade  per- 
formance. It  was  shown  that  the  presence  of  these 
properties  in  varying  degrees  depends  very  largely 
on  the  soil  constituents,  although  the  state  in  which 
a  soil  exists  is  a  factor  which  can  not  be  neglected. 
A  method  was  outlined  for  classifying  soils  according 
to  the  predominance  of  certain  constituents  in  them, 
and  therefore,  in  a  general  way,  according  to  their 
physical  characteristics.  The  present  report  (Part  II) 
discusses  the  test  constants  which  serve  to  identify  the 
constituents  of  soils  and  their  resulting  properties; 
and  the  soil  identification  chart,  which  is  a  convenient 
means  of  analyzing  the  data  given  by  the  laboratory 
tests.  Part  III  describes  the  manner  in  which  the 
soil  identification  chart  is  used  in  actual  practice. 

MECHANICAL  ANALYSIS  LIMITED  AS  AN  INDICATOR  OF  SUBGRADE 
EFFICIENCY 

From  the  information  given  in  Part  I  it  is  clear  that 
a  knowledge  of  the  size  of  soil  particles  does  not  furnish 
a  complete  identification  of  subgrade  characteristics. 
Indeed,  the  mechanical  analysis  is  very  much  limited  in 
its  ability  to  disclose  accurately  the  size  of  the  smaller 
soil  particles,  which  must  be  determined  by  means 
of  some  method  of  sedimentation  instead  of  by  sieves. 
As  a  consequence,  for  grains  smaller  than  about  0.074 
millimeter  (No.  200  sieve)  in  diameter,  the  grain 
diameters  given  by  the  mechanical  analysis  instead  of 
being  the  diameters  of  the  grains  tested  are  the  diam- 
eters of  spheres  which,  according  to  Stokes  law,  {20), 
settle  in  water  at  a  rate  equal  to  that  of  the  particles  of 
soil  being  analyzed.  A  further  inaccuracy  is  introduced 
by  the  fact  that  the  rate  at  which  small  soil  particles 
settle  depends  upon  the  extent  to  which  the  soil  is 
dispersed;  and  this  in  turn  depends  upon  both  the 
method  of  agitation  and  the  chemical  reagent  used  in 
dispersing  the  soil. 

Thus,  for  instance,  a  soil  which,  according  to  the 
mechanical  analysis,  contains  50  per  cent  of  clay,  does 
not  necessarily  contain  50  per  cent  of  particles  having 
diameters  smaller  than  0.005  millimeters.  The  cor- 
rect interpretation  of  the  test  is  that  50  per  cent  of 
the  particles  settle  through  water  at  a  rate  equal  to 
that  of  spherical  particles  not  exceeding  0.005  milli- 
meters in  diameter. 

Figure  34, 7  which  shows  photomicrographs  of  soil 
suspensions  at  different  periods  of  time  after  dispersion, 
discloses  how  very  much  the  shape  of  soil  particles  is 
likely  to  vary  from  the  spherical. 

Table  4,  furnished  by  L.  B.  Olmstead,  L.  F.  Alex- 
ander, and  H.  E.  Middleton  (20),  illustrates  how  the 
type  of  dispersing  agent  influences  the  silt  and  the  clay 
contents   furnished  by  the   mechanical   analysis.     As 

7  The  numbers  of  figures,  tables,  footnotes,  and  equations  are  consecutive  with  those 
of  Part  I  of  this  report  (Public  Roads,  June,  1931).  Italic  numerals  in  parentheses 
refer  to  the  bibliography  given  at  the  end  of  Part  I. 
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shown  in  this  table,  the  value  obtained  for  Houston 
black  clay  may  be  45  per  cent  or  64  per  cent,  depend- 
ing on  whether  sodium  hydroxide  or  sodium  oxalate  is 
used  as  a  dispersing  agent.  Furthermore,  the  clay 
fraction  depends  upon  the  degree  of  agitation  used 
during  dispersion.  Too  little  fails  to  separate  the  par- 
ticles sufficiently,  causing  the  indicated  clay  content  to 
be  too  small.  Too  much  agitation  not  only  separates 
the  particles  but  may  also  break  them  into  smaller 
pieces,  thus  causing  the  indicated  clay  content  to  be 
too  large. 

Table  4. — -Yield  of  clay  obtained  by  use  of  various  dispersing 

agents  2 


Dispersing  agent 

Soil  type  and  source 

Ammonia 

Sodium     |     Sodium 
hydroxide      carbonate 

Sodium 
oxalate 

Percentage  of  clay  particles  obtained 

0.005 
mm. 

0.002 
mm. 

0.005 
mm. 

0.002 
mm. 

0.005 
mm. 

0.002 
mm. 

0.005 
mm. 

0.002 
mm. 

Wabash  silt  loam  (.Nebraska)  _ . 

Houston  black  clay  (Texas) 

Carrington  loam  (Iowa) 

30.7 

38.4 

7.8 

24.1 
20.  4 

6.4 

33.2 
44.5 
24.9 

28.5 
30.fi 
21.8 

33.1 
61.3 
23.4 

28.3 
53.5 
19.9 

34.5 
63.8 
24.7 

29.6 
53.8 
22.9 

'  Average  of  duplicate  determinations. 

It  should  be  remembered  also  that  when  grain  size  is 
computed  from  a  knowledge  of  rate  of  settlement  of 
particles  in  water,  it  is  assumed  that  all  of  the  grains 
in  the  soil  mass  being  tested  possess  equal  specific 
gravities,  and  this  is  not  necessarily  true. 

The  fact  that  mechanical  analysis  is  inadequate  to 
identify  the  characteristics  of  subgrade  soils  is  illus- 
trated by  the  gradings  typical  of  the  uniform  subgrade 
groups,  which  are  given  in  the  following  paragraphs. 
The  two  terms,  "effective  size"  and  "uniformity 
coefficient,"  used  in  this  discussion,  are  defined  as 
follows : 

The  effective  size  is  the  maximum  size  of  the  smallest 
10  per  cent,  by  weight,  of  the  soil  particles.  On  a  soil 
accumulation  curve  (fig.  35)  the  value  of  the  effective 
size  is  given  by  the  abscissa  of  the  point  on  the  curve 
having  the  ordinate  10  per  cent. 

The  uniformity  coefficient  is  the  ratio  between  the 
maximum  size  of  the  smallest  60  per  cent,  by  weight,  of 
the  soil  particles,  and  the  effective  size.  Its  value  may 
be  obtained  from  a  soil  accumulation  curve  by  comput- 
ing the  ratio  between  the  abscissa  of  a  point  whose 
ordinate  is  60  per  cent  and  the  abscissa  of  a  point 
whose  ordinate  is  10  per  cent. 

The  typical  gradings  are  as  follows: 

Group  A-l  subgrade. — Material  retained  on  the  No.  10  sieve, 
not  more  than  50  per  cent.  The  soil  mortar,  that  fraction  pass- 
ing the  No.  10  sieve,  composed  as  follows:  Clay,  5  to  10  per  cent; 
silt,  10  to  20  per  cent;  total  sand,  70  to  85  per  cent;  and  coarse 
sand  (retained  on  the  No.  60  sieve)  45  to  60  per  cent.  Effective 
size  approximately  0.01  millimeter  and  uniformity  coefficient 
greater  than  15. 

The  soil  accumulation  curve  of  Figure  35  shows  graphically 
the  average  grading  of  stable  soil  mortars.     In  this  case  the 
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Figure  34. — Photomicrographs  of  Soil  Suspension  at  Different  Periods  of  Time  After  Dispersion:  A,  After  1  Minute; 
B,  After  2  Minutes;  C,  After  5  Minutes;  D,  After  15  Minutes.  Note  Reduction  in  Size  of  Particles  in  Suspen- 
sion as  Time  of  Sedimentation  Increases 


effective  size  is  0.01  millimeter  and  the  uniformity  coefficient  is 

MoT  or  43- 

Group  A-2  subgrade. — Not  less  than  about  55  per  cent  of  sand 
in  the  soil  mortar. 

Group  AS  subgrade. — Effective  size  not  likely  to  be  less  than 
0.10  millimeter. 

Group  A-4  subgrade. — Likely  to  contain  sand  in  amount  less 
than  55  per  cent. 

Group  A-5  subgrade. — Same  as  group  A— 4. 

Group  A-6  subgrade. — Likely  to  contain  more  than  30  per 
cent  clay. 

Group  A— 7  subgrade. — Same  as  group  A-6. 

Group  A-8  subgrade. — Grading  not  significant. 

From  the  facts  given  in  the  preceding  discussion  it 
is  plain  that  mechanical  analysis  gives  only  approxi- 
mately the  diameter  of  soil  particles  of  small  size,  and 
that  the  size  of  grain,  even  if  accurately  known,  is  a 
very  imperfect  criterion  of  subgrade  soil  characteristics. 
In  order  to  identify  these  characteristics  it  is  necessary 
to  employ  constants  which  disclose  the  degree  to  which 
particular  physical  properties  are  present  in  a  given 
soil. 

SIGNIFICANCE  OF  TEST  CONSTANTS  DISCUSSED 

Among  the  constants  which  have  been  suggested  as 
aids  in  identifying  the  important  subgrade  properties 
are  the  liquid  limit,  the  plastic  limit,  the  plasticity 
index,  the  shrinkage  limit,  the  centrifuge  moisture 
equivalent,  the  field  moisture  equivalent,  the  shrink- 
age ratio,  the  volumetric  change,  and  the  lineal 
shrinkage.  In  Table  5  are  listed  values  of  these  test 
constants  for  a  group  of  representative  subgrade  soil 
constituents.     In    the    tests    from    which    the    values 


given  in  Table  5  were  derived  the  following  materials 
were  used: 

Sand. — Potomac  River  sand;  that  fraction  passing  the  No.  20 
and  retained  on  the  No.  100  sieve. 

Silt. — Silty  sand  soil  obtained  in  Rock  Creek  Park,  District 
of  Columbia. 

Clay. — Yaguajay  clay  (clay  about  70  per  cent  and  silt  about 
30  per  cent)  from  Cuba.  Furnished  by  H.  H.  Bennett,  United 
States  Bureau  of  Chemistry  and  Soils. 

Colloids. — Bentonite.  According  to  C.  S.  Ross  and  C.  V. 
Shannon  (19),  out  of  five  clay  minerals  contained  in  bentonite, 
three  are  micaceous,  one  is  platy  crystaline,  and  one  is  amor- 
phous. According  to  the  hydrometer  analysis  99  per  cent  of 
the  bentonite  particles  are  smaller  in  diameter  than  0.05  milli- 
meter (silt),  85  per  cent  are  smaller  than  0.005  millimeter  (clay), 
80  per  cent  are  smaller  than  0.001  millimeter  (colloids),  and  79" 
per  cent  are  smaller  than  0.0005  millimeter. 

Mica  flakes. — That  fraction  passing  the  No.  20  and  retained' 
on  the  No.  100  sieve. 

Diatoms. — Celite:  95  per  cent  of  particles  smaller  in  diameter 
than  0.05  millimeter  and  61  per  cent  smaller  than  0.005  milli- 
meter. 

Peat. — Everglade  peat,  Florida,  furnished  by  the  United: 
States  Bureau  of  Chemistry  and  Soils.  Sixty-five  per  cent  of 
particles  smaller  in  diameter  than  0.05  millimeter  and  18  per 
cent  of  particles  smaller  than  0.005  millimeter. 

In  addition  to  the  tests  referred  to  above  both  a. 
compression  and  a  slaking  test  may  assist  in  identi- 
fying those  binder  clays  of  the  group  A-l  and  A-2: 
subgrades  which,  because  of  certain  chemical  con- 
stituents, are  inclined  to  "set  up"  upon  drying.  These 
same  tests  performed  upon  soil  samples  both  treated 
and  untreated  with  bituminous  materials  serve  to  dis- 
close to  some  degree  the  increase  in  stability  furnished 
by  the  treatment.  Chemical  tests  may  also  be  re- 
quired to  disclose  those  soil  chemicals  which  are  likely 
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Table    5.— Laboratory   lest   results   given    by   representative   soil 
constituents 


Soil  constituent 

Liquid 
limit 

Plas- 
ticity 
index 

Shrinkage 

Moisture 
equivalent 

Volu- 
metric 
change 

Lineal 
shrink- 

Limit 

Ratio 

Centri- 
fuge 

Field 

age 

Sand 

Per  cent 

20 

27 

100 

399 

174 
123 

163 
136 

Per  cent 

'0 

7 

54 

354 

154 
0 
0 
0 

Per  cent 

Per  cent 
4 

22 
70 
(J) 

291 
159 
221 
90 

Per  cent 
25 
22 
55 
86 

54 
142 
212 
121 

Per  cent 

0 

5 

92 

160 

Per  cent 
0 

Silt 

Clay --- 

19 

11 
6 

12 
160 
134 

44 

1.8 

2.1 
2.0 

1.9 

0.52 

0.5 

0.9 

2 
19 

Colloids _- 

Colloids,  50  per 

27 

>-9 

39 
69 

3-3 

Diatoms .-- 

Peat  .- 

10 
16 

i  Indicates  nonplastic  soils  without  plastic  limits. 

!  Centrifuge  moisture  equivalent  could  not  be  determined  because  of  very  great 
expansion  suffered  by  pure  bentonite  when  being  saturated. 
>  Negative  value  indicates  expansion  of  mica  on  drying,  discussed  subsequently. 

to  exert  a  detrimental  influence  upon  concrete  pave- 
ments and  structures.  The  compression,  slaking,  and 
chemical  tests  are  not  discussed  in  this  report. 

In  order  to  use  the  constants  intelligently  one  must 
thoroughly  understand  their  physical  significance.  The 
soil  identification  chart,  discussed  subsequently  in  this 
report,  assists  in  readily  identifying  the  characteristics 
of  many  soils.  The  interpretation  of  results  furnished 
by  tests  performed  on  many  other  soils,  however,  can  be 
accomplished  only  by  an  intimate  knowledge  of  physical 
phenomena  occurring  when  the  soils  are  subjected  to 
test.  For  this  reason  an  attempt  is  made  to  explain 
these  physical  phenomena  in  detail. 

In  this  connection,  it  should  be  noted  that  the  signifi- 
cance of  a  constant  may  vary,  depending  upon  the 
degree  of  capillarity  possessed  by  the  soil.  For  this 
reason  soils  are  referred  to  as  either  expansive  or  non- 
expansive  soils,  according  to  their  degree  of  capillarity. 

The  expansive  soils,  silt,  clay,  etc.,  are  those  whose 
capillarity  is  sufficient  to  cause  swelling,  shrinkage,  or 
detrimental  frost  heave  in  appreciable  amount.  The 
nonexpansive  soils  are  those  generally  termed  sands, 
whose  capillarity  is  not  sufficient  to  produce  these 
phenomena. 

It  is  important  to  remember  also  that  when  a  non- 
expansive  soil  is  being  added  to  an  expansive  soil  in 
increasing  amounts  the  change  in  certain  properties 
from  the  expansive  to  the  nonexpansive  variety  may  be 
abrupt  instead  of  gradual.  As  will  be  shown  later, 
sand  added  to  clay  in  increasing  amounts  causes  the 
resulting  mixture  to  change  its  shrinkage  characteristics 


very  slowly  until,  when  the  percentage  of  sand  becomes 
equal  to  a  certain  amount,  the  shrinkage  characteristics 
of  the  mixture  are  abruptly  changed  from  those  of  the 
clay  to  those  of  the  sand.  Important  decrease  in 
supporting  value  caused  by  increasing  the  moisture 
content  of  soils  occurs  not  gradually  but  abruptly, 
when  the  moisture  content  of  the  soil  exceeds  a  certain 
amount.  In  the  same  abrupt  manner  the  state  of  the 
soil  may  change  from  the  plastic  to  the  semisolid  or 
from  the  semisolid  to  the  solid  with  small  change  in 
moisture  content. 

SOIL  IDENTIFICATION  CHART  SHOWS  BASIC  RELATIONS 

The  chief  value  of  the  sod  constants  as  a  means  of 
identifying  subgrade  sods  lies  in  the  relations  existing 
between  them  rather  than  in  the  magnitudes  of  the 
individual  constants,  considered  separately.  The  use 
of  these  interrelationships,  combined  with  the  values 
of  the  constants  themselves,  as  a  basis  for  the  construc- 
tion of  the  sod  identification  chart  is  a  distinctive 
featiu-e  of  the  procedure  developed  by  this  bureau  in  its 
subgrade  studies. 

The  four  graphs  of  Figure  36  constitute  the  sod 
identification  chart.  They  show  the  relations  which 
have  been  found  experimentally  to  exist  between  the 
liquid  limit  and  four  other  test  constants,  the  plastic 
limit,  the  shrinkage  limit,  the  centrifuge  moisture  equiv- 
alent, and  the  field  moisture  equivalent.  In  the  para- 
graphs which  follow  the  test  constants  are  defined,  their 
significance  is  explained,  and  the  relations  which  form 
the  basis  of  the  sod  identification  chart  are  developed. 

Critical  moisture. — The  deformations  of  either  con- 
fined or  unconfined  soil  samples  under  constant  load 
increase  with  increase  of  moisture  content  at  a  con- 
sistent rate  until  a  given  moisture  content  known  as  the 
critical  moisture  is  reached.  When  the  moisture  con- 
tent is  increased  above  this  value  the  deformations  of 
the  samples  increase  at  a  very  much  greater  rate  than 
for  similar  moisture  increases  below  the  critical  mois- 
ture. This  fact  is  illustrated  in  Figure  37,  which  is  the 
reproduction  of  a  curve  published  previously  in  Public 
Roads  (12). 

It  will  be  noted  in  this  figure  that,  for  a  load  of  5.6 
pounds  per  square  inch,  the  deformation  increases  at 
the  rate  of  about  0.00026  inch  for  each  1  per  cent  in- 
crease in  moisture  content  below  26.7  per  cent,  the 
critical  moisture.  For  increase  in  moisture  content 
above  26.7  per  cent  the  deformations  increase  at  the  rate 
of  0.022  inch  for  1  per  cent  increase  in  moisture  content. 
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Figure  36. — The  Soil  Identification  Chart:  Relations  Existing  Between  Liquid  Limit  and  Other  Test  Const; 


The  ratio  of  applied  load  to  corresponding  deforma- 
tions for  different  soils  is  not  related  to  the  critical 
moistures  of  these  soils.  As  a  consequence,  therefore, 
the  relation  between  the  critical  moisture  of  one  soil 
and  the  critical  moisture  of  another  soil  is  not  indicative 
of  the  relative  supporting  powers  of  the  two  soils. 
Furthermore,  the  degree  of  support  indicated  by  the 
load-deformation  relationship  of  soils  at  the  critical 
moisture  content  varies  widely  in  different  soils. 

The  critical  moisture  is  approximately  equal  to  the 
plastic  limit  of  cohesive  soils  and  to  75  per  cent  of  the 
liquid  limit  of  cohesionless  soils,  which  do  not  have 


plastic  limits  (12).  The  determination  of  the  critical 
moisture  is  not  a  routine  test.  It  assists  in  the  expla- 
nation of  the  significance  of  the  plasticity  tests,  and  is 
of  considerable  practical  importance,  because  it  indi- 
cates the  extent  to  which  the  moisture  contents  of  soils 
must  be  reduced  in  order  that  they  may  be  stabilized  by 
drainage. 

Plastic  limit. — This  constant  is  defined  as  the  lowest 
moisture  content,  expressed  as  a  percentage  of  the 
weight  of  the  oven-dried  soil,  at  which  the  soil  can  be 
rolled  into  threads  one-eighth  inch  in  diameter  without 
the  threads  breaking  in  pieces. 
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Figure  37. — Deformation  of  Soil  Specimen  with  In- 
crease in  Moisture  Content.  Note  Sudden  Increase 
in  Rate  of  Deformation  as  Critical  Moisture  Is 
Reached.  Plastic  Limit  and  Liquid  Limit  Are  Also 
Marked  on  the  Curve 

Figure  38  shows  the  nature  of  the  test  for  determina- 
tion of  the  plastic  limit.  The  upper  sample,  having  a 
moisture  content  above  the  plastic  limit,  can  be  rolled 
into  threads  less  than  one-eighth  inch  in  diameter 
without  crumbling  under  the  pressure  exerted  by  the 
hand.  The  pressure  required  to  deform  the  threads 
varies  widely  with  the  character  of  the  soil.  The 
lower  part  of  the  drawing  shows  a  soil  thread  which 
has  crumbled  because  the  moisture  content  of  the  soil  has 
been  reduced  by  evaporation  to  the  plastic  limit  or  below. 

The  prime  importance  of  the  plastic  limit  with  respect 
to  this  discussion  is  the  fact  that  it  furnishes  part  of  the 
data  required  for  computing  the  plasticity  index.  The 
following  significant  relationships  should  also  be  noted : 


may  have  plastic  limits.  Clay  and  colloids  have 
plastic  limits.  Of  the  representative  subgrade  soil  con- 
stituents referred  to  in  this  report  (p.  119),  the  silt 
has  a  plastic  limit  equal  to  20,  that  of  the  clay  is  46, 
and  that  of  the  colloids  is  45. 

Liquid  limit. — The  liquid  limit  is  defined  as  that 
moisture  content,  expressed  as  a  percentage  of  the 
weight  of  the  oven-dried  soil,  at  which  the  soil  will  just 
begin  to  flow  when  lightly  jarred  10  times.  According 
to  this  definition  soils  at  the  liquid  limit  have  a  very 
small  but  definite  shear  resistance,  which  may  be  over- 
come by  the  application  of  very  little  force.  This  resist- 
ance, it  should  be  noted,  is  by  definition  practically  con- 
stant for  all  soils  when  at  the  liquid  limit,  as  contrasted 
with  the  variable  support  furnished  by  different  soils 
when  at  the  plastic  limit.  At  the  liquid  limit  the  cohe- 
sion is  practically  equal  to  zero  {12). 

The  nature  of  the  liquid  limit  test  is  indicated  in 
Figure  39.     The  soil  sample  is  placed  in  a  porcelain 


DIVIDED    SOIL    CAKE    BEFORE    TEST 


SOIL     THREAD    ABOVE    THE    PLASTIC    LIMIT 


crumbling  of  soil  thread  below 
the  plastic  limit 

Figure  38. — Phenomenon  Occurring  During  the  Plas- 
tic Limit  Test 

The  plastic  limit  (a)  equals  approximately  the  mois- 
ture content  at  which  a  minimum  capillary  pressure  of 
2.5  kilograms  per  square  centimeter  acts  upon  the 
soil  sample;  (b)  equals  the  moisture  content  at  which 
the  coefficient  of  permeability  of  homogeneous  clays 
becomes  practically  equal  to  zero;  (c)  equals  the 
moisture  content  above  which  water  evaporates  about 
4  per  cent  faster  from  a  clay  sample  than  from  the  free 
water  surface ;  (d)  equals  the  moisture  content  at  which 
the  speed  of  evaporation  starts  to  decrease;  (e)  equals  the 
moisture  content  below  which  the  physical  properties  of 
water  are  no  longer  identical  with  those  of  free  water  (12) . 

Sand,  mica,  diatoms,  and  peat  have  no  plasticity  and 
therefore  do  not  have  plastic  limits.    Silts  occasionally 


soil  cake   after  test 

Figure    39. — Phenomenon    Occurring   During   the 
Liquid  Limit  Test 

evaporating  dish  about  \)'t  inches  in  diameter,  shaped 
into  a  smooth  layer  about  three-eighths  inch  thick  at 
the  center,  and  divided  into  two  portions  by  means  of 
a  grooving  tool.  The  dish  is  held  firmly  in  one  hand 
and  tapped  lightly  10  times  against  the  palm  of  the 
other  hand.  If  the  lower  edges  of  the  two  soil  portions 
do  not  flow  together  as  shown  in  the  lower  part  of 
Figure  39,  the  moisture  content  is  below  the  liquid 
limit.  If  they  flow  together  before  10  blows  have  been 
struck,  the  moisture  content  is  above  the  liquid  limit. 
The  test  is  repeated,  with  more  or  less  moisture  present, 
as  the  case  may  be,  until  a  condition  is  reached  where 
the  two  edges  exactly  meet  after  10  blows  have  been 
struck.  The  arrows  indicate  the  lateral  flow,  or  shear 
failure,  caused  by  the  10  blows. 

The  force  created  in  the  soil  during  the  test  is  a  function 
of  the  specific  gravity  of  the  soil  particles  combined  with 
full  or  partial  hydrostatic  uplift,  depending  upon  whether 
the  soil  is  of  the  expansive  or  nonexpansive  type. 

Liquid  limits  of  nonexpansive  cohesionless  soils  indi- 
cate the  moisture  content  required  to  lubricate  the 
grain  surfaces  sufficiently  to  cause  flow  under  the  pre- 
scribed force.  Liquid  limits  of  expansive  cohesionless 
soils  indicate  the  degree  of  expansion  required  to  reduce 
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to  practically  zero  the  cohesion  furnished  by  capillary 
pressure,  skin  friction,  etc.  Liquid  limits  of  expansive 
cohesive  soils  indicate  the  degree  of  expansion  required 
to  reduce  to  practically  zero  the  true  cohesion  of 
the  soil  particles  in  addition  to  that  furnished  by 
the  capillary  pressure,  skin  friction,  etc. 

In  this  way  the  liquid  limit  serves  to  distinguish  (a) 
sands,  with  respect  to  the  resistance  which  they  furnish 


ISO  200  250 

LIQUID   LIMIT 


Figure  40. — Liquid  Limits  of  Representative  Soil 
Constituents 

to  flowing,  and  (!))  all  other  soils  with  respect  to  the 
relative  volume  of  the  pores  of  capillary  dimension 
which  these  soils  possess.  The  wide  range  in  the  liquid 
limits  of  different  soils  is  illustrated  by  Figure  40, 
which  show  graphically  the  liquid  limits  of  the  represen- 
tative soil  constituents. 

The  liquid  limits  of  the  uniform  subgrade  groups 
may  be  stated  approximately  as  follows: 

Group  A-l. — Generally  greater  than  14  and  less  than  25. 

Group  A— 2. — Generally  greater  than  14  and  less  than  35. 

Group  AS. — Varies  in  value  from  slightly  less  than  10  to 
slightly  more  than  35.  Small  liquid  limits,  such  as  10  to  14, 
signify  the  beach  and  other  rounded  sand  grains  which,  when 
sufficiently  wetted,  will  slide  over  each  other,  i.  e.,  flow,  because 
of  the  lubrication  of  their  surfaces.  Grains  uniform  in  size  and 
perfectly  spherical  in  form  would  probably  flow  without  being 
lubricated.  An  abnormally  large  liquid  limit,  30  to  35  in  the 
case  of  sands,  signifies  high  resistance  to  sliding  furnished  by  a 
high  degree  of  surface  roughness  or  angularity  of  grain. 

Group  A-4-  Generally  greater  than  20  and  less  than  40. 

Groups  A-5,  A-6,  and  A— 7. — Usually  greater  than  35. 

Group  A-8.~ Likely  to  be  greater  than  45. 

Plasticity  index. — This  term  is  defined  as  the  differ- 
ence between  the  liquid  limit  and  the  plastic  limit. 
Plasticity  indices  equal  to  zero  designate  nonplastic 
soils,  i.  e.,  those  which  have  no  plastic  limits.8  At  the 
plastic  limit  the  soil  particles  may  be  considered  as 
having  acquired  a  degree  of  lubrication  sufficiently  high 
to  permit  them  to  slide  over  each  other  when  loaded, 
although  still  possessing  cohesion  in  appreciable  amount. 
At  the  liquid  limit,  according  to  definition,  the  soil 
particles  are  separated  to  such  an  extent  that  practically 
no  cohesion  exists  between  them. 

It  follows,  therefore,  that  the  difference  between  the 
plastic  limit  and  the  liquid  limit  indicates  the  increase 
in  moisture  content  required  to  increase  the  thickness 
of  the  water  films  separating  the  soil  particles  to  a 
degree  such  that  the  cohesion  existing  between  them  is 
reduced  practically  to  zero.  Thus  the  plasticity  index 
may  be  considered  as  a  measure  of  the  cohesion  pos- 
sessed by  the  soil. 

8  Only  a  very  few  soils  of  the  thousands  tested  in  the  subgrade  laboratory  of  the 
Bureau  of  Public  Roads  have  had  plastic  limits  equal  to  the  liquid  limits. 


As  stated  above,  this  cohesion  consists  of  two  parts: 
(a)  That  furnished  by  capillary  pressure,  skin  friction, 
etc.,  and  (6)  that  furnished  by  the  true  cohesion 
(molecular  attraction)  of  the  soil  particles.  To  illus- 
trate, assume  that  a  pebble  is  first  immersed  and  then 
removed  from  water.  The  adhesion  existing  between 
the  surface  of  the  pebble  and  the  water  particles  in 
intimate  contact  with  it  is  very  high,  but  decreases 
rapidly  in  amount  as  the  distance  separating  the  water 
molecule  from  the  pebble  surface  increases.  Conse- 
quently the  water  molecules  separated  farthest  from 
the  pebble  surface  flow  off  under  the  force  of  gravity. 

Two  soil  particles  may  be  held  together  by  both  the 
adhesion  possessed  b}r  water  for  the  surface  of  the  soil 
particles  and  the  cohesion  existing  between  water 
molecules.  With  increasing  thickness  of  water  film 
separating  the  two  soil  particles  the  attraction  which 
tends  to  hold  them  together  rapidly  decreases  to  the 
vanishing  point. 

True  cohesion  existing  between  soil  particles,  like  the 
adhesion  existing  between  water  molecules  and  the 
pebble  surface,  decreases  rapidly  in  degree  as  the 
distance  separating  the  soil  particles  increases.  When 
the  two  soil  particles  possess  true  cohesion  they  are 
held  together  by  a  force  exceeding  that  furnished  by 
the  molecular  attraction  of  water.  Consequently,  the 
thickness  of  water  film  required  to  overcome  the  true 
cohesion  existing  between  soil  particles  is  greater  than 
that  required  to  overcome  the  adhesion  due  to  capillary 
pressure,  skin  friction,  etc. 

If  two  glass  plates  are  wetted  with  a  small  amount  of 
water  and  pressed  together  they  can  not  be  pulled 
apart  without  the  application  of  an  appreciable  external 
force.  A  very  slight  force,  however,  may  serve  to 
cause  one  plate  to  slide  upon  the  other.  This  condition 
is  analogous  to  the  moisture  content  of  the  soil  when  at 
the  plastic  limit.  By  increasing  the  thickness  of  water 
film  separating  the  two  plates,  one  may  be  caused  by 
only  its  own  weight  to  separate  from  the  other.  This 
is  analogous  to  the  moisture  content  of  the  soil  when  at 
the  liquid  limit.  The  increase  in  thickness  of  water  film 
required  to  produce  the  change  from  the  sliding  to  the 
separated  state  represents  that  portion  of  the  plasticity 
index  required  to  equalize  only  the  cohesion  furnished 
by  the  molecular  attraction  existing  between  the  water 
and  the  surfaces  of  the  glass  plates. 

If,  before  being  wetted  and  pressed  together,  the 
glass  plates  had  been  coated  with  a  gluey  colloid,  the 
thickness  of  water  film  required  to  produce  the  change 
from  the  sliding  to  the  separated  state  would  of  necessity 
have  been  larger  than  if  the  plates  had  not  been  so 
coated.  The  difference  between  the  amount  of  water 
required  to  change  the  coated  and  the  uncoated  plates 
from  the  sliding  to  the  separated  state  may  be  regarded  as 
analogous  to  the  amount  of  water  required  to  overcome 
the  cohesion  possessed  by  the  colloidal  particles. 

It  was  stated  above  that  I  he  critical  moisture  of  cohe- 
sionless  soils  equals  75  per  cent  of  the  liquid  limit.  It 
follows  that  25  per  cent  of  the  liquid  limit  may  be  as- 
sumed to  indicate  the  amount  of  water  required  to  over- 
come the  cohesion  furnished  by  the  capillary  pressure, 
skin  friction,  etc.,  in  soils.  If  the  same  principle  is 
applied  to  cohesive  soils,  it  may  be  assumed  that  that 
portion  of  the  plasticity  index  exceeding  25  per  cent  of 
the  lower  liquid  limit  is  the  amount  of  water  required 
to  overcome  the  true  cohesion  existing  between  the  indi- 
vidual soil  particles.  Consequently,  the  quantity  ob- 
tained by  subtracting  25  per  cent  of  the  liquid  limit 
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from  the  plasticity  index,  indicates  the  relative  amounts 
of  true  cohesion  possessed  by  the  surfaces  of  the  soil 
particles.  Thus  the  relation  existing  between  the 
liquid  limit  and  the  plasticity  index  may  serve  very  well 
to  disclose  certain  characteristics  of  the  soil. 

Figure  36,  A,  illustrates  relations  existing  between 
the  plasticity  index  and  the  liquid  limit.  The  large  dots 
denote  the  relations  given  in  Table  5  for  representative 
soil  constituents.  Curve  1,  indicating  a  plasticity 
index  of  zero,  is  characteristic  of  sand,  mica,  peat,  and 
diatoms.  Curve  2  represents  the  relation,  plasticity 
index  =  0.25  X  liquid  limit.  This  relation  is  character- 
istic of  soils  containing  sand,  silt,  mica,  peat,  or  dia- 
toms in  dominating  amounts.  Curve  3  indicates  the 
statistical  relationship  given  by  tests  of  a  very  large 
number  of  samples  of  soils  containing  clay,  colloids, 
and  elastic  materials  such  as  peat  or  mica,  and  also 
soils  containing  colloids  not  fully  active  because  of 
either  heat  treatment  or  state  of  flocculation.  Curve  4 
shows  the  relation  given  by  compressible  mixtures  of 
fully  active  colloids.     The  crosses  adjacent  to  curve  4 


Figure  41 . — Shrinkage  of  Representative  Soil  Constitu- 
ents. Top  Row,  Left  to  Right,  Diatoms,  Peat,  Col- 
loids; Bottom  Row,  Left  to  Right,  Mica,  Clay,  Silt,  Sand 

denote  results  given  by  tests  of  soil  samples  containing 
admixtures  of  bentonite,  1.5  to  50  per  cent. 

The  members  of  the  uniform  subgrade  groups  gener- 
ally have  plasticity  indices  as  follows: 

Group  A.-1. — Usually  less  than  8  and  generally  related  to  their 
liquid  limits  according  to  the  relation  shown  by  curve  2. 

Group  A-2. — Usually  less  than  15. 

Group  AS. — Have  no  plasticity;  therefore,  do  not  have 
plasticity  indices. 

Group  A~4- — Less  than  those  indicated  by  curve  3. 

Group  A-5. — Seldom  greater  than  those  indicated  by  curve  3. 

Group  A-6. — -Approximately  equal  to  those  indicated  by 
curve  4. 

Group  A-7. — Generally  greater  than  those  indicated  by  curve  3 
and  smaller  than  those  indicated  by  curve  4. 

Group  A-8. — Generally  less  than  those  indicated  by  curve  3. 

Shrinkage  limit  and  shrinkage  ratio. — The  mechanics 
of  soil  shrinkage  was  described  in  Part  I  of  this  report 
(Public  Roads,  June,  1931,  pp.  102  and  103)  and  will  not 
be  repeated  here.  The  shrinkage  limit  is  defined  as  the 
moisture  content,  expressed  as  a  percentage  of  the  dry 
weight,  required  to  fill  the  pores  of  a  soil  sample  which 
has  been  dried  to  constant  weight  from  a  moisture  con- 
tent sufficient  in  amount  to  fill  the  soil  pores  completely. 
Those  soils  which  shrink  during  this  drying  process  are 
referred  to  as  possessing  significant  shrinkage  limits. 
The  shrinkage  limits  of  nonexpansive  soils  such  as 
sand,  etc.,  which  do  not  shrink  during  this  drying  pro- 
cess may  be  computed,  as  shown  later,  when  the  specific 
gravities  of  the  soils  are  known.  Such  shrinkage  limits 
are  termed  "theoretical"  to  distinguish  them  from  the 
"significant"  shrinkage  limits.     Sand  and  mica  have 


theoretical  and  the  other  constituents  have  significant 
shrinkage  limits.  In  general,  only  the  significant  limits 
are  given  in  routine  test  reports. 

Figure  41  illustrates  the  shrinkage  of  representative 
soil  constituents.  The  pats  shown  were  dried  to  con- 
stant weight  from  a  moisture  content  slightly  above  the 
liquid  limit.  The  container  in  which  the  pat  rests 
represents  the  original  volume  of  the  pat. 

The  capillary  pressure  per  square  centimeter  exerted 
upon  the  surface  of  the  drying  soil  sample  may  be  com- 
puted as  follows: 

Assume  the  voids  in  the  soil  mass  to  be  of  square 
cross  section  and  to  have  each  a  width  equal  to  a. 
The  perimeter  of  each  tube  equals  4a.  Since  the  force 
exerted  by  capillary  pressure  is  equal  to  0.0764  grams 
per  centimeter  (1),  the  force  exerted  upon  each  tube,  is 
given  by  the  expression,  4  a  X  0.0764  =  0.306a. 

If  we  should  assume  that  the  soil  surface  is  com- 
pletely covered  by  such  openings,  the  number  of 
openings  per  square  centimeter  equals  the  reciprocal  of 
the  area,  a2,  of  each  opening.  Consequently,  when  we 
designate  S.  F.  as  the  force  causing  shrinkage  in  a  soil, 
we  have 


S.  F.= 


0.306a^0.306 
a2  a 


(14) 


According  to  this  relation,  illustrated  graphically  in 
Figure  42,  the  pressure  exerted  upon  a  soil  possessing 
voids  0.1  millimeter  wide  equals  30.6  grams  per  square 
centimeter  and  that  exerted  upon  a  soil  possessing  voids 
0.001  millimeter  wide  equals  3,060  grams  per  square 
centimeter.  This  is  the  explanation  of  the  fact,  illus- 
trated in  Figures  41  and  43,  that  colloids  upon  drying 
compact  the  greatest  amount,  clay  a  less,  and  silt  a 
still  less  amount. 

The  shrinkage  ratio  is  defined  as  the  volume  change, 
expressed  as  a  percentage  of  the  volume  of  the  dry  soil 
cake,  divided  by  the  moisture  loss  above  the  shrinkage 
limit,  expressed  as  a  percentage  of  the  weight  of  the  dry 
cake. 

A  determination  of  skrinkage  limit  and  shrinkage 
ratio  is  illustrated  in  Figure  44.  As  a  soil  pat  consisting 
of  Yaguajay  clay  was  being  dried  from  the  wet  state, 
the  changes  of  both  volume  and  moisture  content  were 
determined  at  different  times.  The  results  of  these 
observations  are  plotted  as  small  circles  in  the  figure. 
The  abscissa  of  any  point  on  the  curve  denotes  volume 
change  expressed  as  a  percentage  of  the  volume  of  the 
dry  pat;  the  ordinate  denotes  moisture  content,  ex- 
pressed as  a  percentage  of  the  weight  of  the  dry  pat. 

These  points,  it  will  be  noted,  lie  practically  on  a 
straight  fine  which  intersects  the  zero  fine  at  a  moisture 
content  of  11.1  per  cent.  Consequently  no  volume 
change  will  occurr  in  the  soil  cake  when  the  moisture 
content  is  reduced  from  11.1  to  0  per  cent,  and  11.1 
per  cent  is  the  shrinkage  limit. 

As  the  moisture  content  was  reduced  from  107.8  to 
11.1  per  cent,  the  pat  underwent  a  volume  change  equal 
to  200  per  cent  of  its  volume  when  dry.  The  shrinkage 
ratio  is  therefore  obtained  by  the  computation, 


2(i(i 


200 
107.8-11.1     96.7 


=  2.07 


The  shrinkage  limit,   the  shrinkage  ratio,  and  the 
specific  gravity  are  interrelated  as  follows: 
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S  =  shrinkage  limit. 
w  =  moisture  content. 
V= volume  of  wet  soil  cake. 
V0  =  volume  of  dry  soil  cake. 
W= weight  of  wet  soil  cake. 
W0  =  weight  of  dry  soil  cake. 
R  =  shrinkage  ratio. 
G= specific  gravity  of  soil  particles. 
The  total  volume  change,  V—  V0,  is  equal  to  the 
moisture  loss  occurring  between  the  original  moisture 
content,  w,  and  the  shrinkage  limit,  S. 

The  weight  of  water  lost  between  these  two  limits  is 
given  by  the  expression, 

wxWp    SW„  =  W0(w-S) 
100         100  100 

lTmeasurements  are  made  in  grams  and  centimeters, 
W0  (w-S) 


The  shrinkage  ratio,  R,  defined  as  the  volume  change 
in  percentage  of  the  dry  volume,  divided  by  the  moisture 
loss  above  the  shrinkage  limit  in  percentage  of  the  dry 
weight,  is  given  by  the  equation, 

V-V0 


R> 


V0 


'X100 


w  —  S 

Substituting  the  value  of  w  —  S  previously  obtained, 
we  have 

V—Vn 

vrxl0°  w0 

V0~ 


R  = 


V-Vo 

w0 


.(16) 


xioo 


100 


:  volume  of  water  lost. 


=  V-V0 
W0w-  W0S=  (V-  V„)  X  100 

W0S=W0w-(V-V0)  X100 

S=w-^t^oX100 (15) 


The  specific  gravity  equals  the  weight  of  the  dry  soil 
in  grams  divided  by  its  true  volume  in  cubic  centimeters. 
The  true  volume  of  the  dry  soil  equals  the  apparent 
volume,  V0,  minus  the  water  content  at  the  shrinkage 

limit,  -jT^-   We  have,  therefore, 


G  = 


100 

w0 


1 


I 


v  _SWo 
"'     100" 


.(17) 


And 


W0 


w-S= 


V-Vo 

w0 


xioo 


W0    100   R     100 

At  one  determination  of  the  volume  of  the  Cuban 
(Yaguajay)  soil  the  weight  of  the  wet  pat,  W,  was  43.74 
grams  and  its  volume,  V,  was  28.04  cubic  centimeters. 
In  the  dried  state  the  weight  of  the  pat,  W0,  was  25.08 
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Figure  43. — Shrinkage  Limits  of  Representative  Soil 
Constituents 

grams  and  its  volume,  V0,  was  12.16  cubic  centimeters. 
The  value  of  the  moisture  content,  w,  of  the  wet  soil  is 
given  by  the  expression 

f-iy,vmn     43.74-  25.08 x,inn     _,   .. 
w= — w      X100= 2t.  os      -  X  100  =74.40  per  cent. 

And  the  shrinkage  limit, 

g_„_ZzZ.x  100  =74.40-280t7^-16X100  = 

W o  25.08 

11.1  per  cent. 
This  value  checks  with  that  shown  in  Figure  44. 
The  volume  change  which  occurred  during  the  loss  of 
74.4  per  cent  of  moisture,  is  given  by  the  equation 


CB  = 


V-Vo 

v0 


28.04-12.16 


X100=     '  12  16  '      X10Q  =130.6  per  cent. 

This  value  is  shown  in  Figure  44  by  means  of  a  double 
circle. 

The  shrinkage  ratio  R  =  y  =  19'      =2.06    as    com- 
pared with  2.07,  the  value  obtained  from  Figure  44. 


It  will  be  noted  that  the  shrinkage  ratio  R  is  also  the 
apparent  specific  gravity  of  the  soil.  Thus  the  weight 
of  a  cubic  foot  of  the  Cuban  clay  in  the  dried  state  equals 
62.5  X  2.06  =  128.75  pounds. 

The  specific  gravity  computation  may  be  subject  to 
appreciable  error,  since  it  is  based  on  the  assumption 
that  the  relation  which  exists  between  moisture  loss  and 
percentage  volume  change  is  as  consistent  as  that  indi- 
cated in  Figure  44.  Certain  elastic  soils  are  likely  to 
expand  during  the  period  when  the  moisture  content  is 
being  reduced  from  the  shrinkage  limit  to  zero.  Mica 
is  one  of  these  materials  and  the  degree  to  which  it  may 
expand  under  these  conditions  is  illustrated  in  Figure  45. 
This  accounts  in  part  for  the  high  shrinkage  limit  given 
for  mica  in  Figure  43.  Furthermore,  the  presence  of 
air  in  the  pores  of  a  drying  soil  may  prevent  it  from 
shrinking  exactly  in  accordance  with  the  relation  shown 
in  Figure  44.  Figure  46  shows  how  different  soils  may 
vary  in  drying  from  the  relation  as  stated.  Table  6 
illustrates  the  variation  which  may  exist  between  actual 
and  computed  specific  gravities  of  soils. 


Table  6. — Comparison  of  specific  gravities  as 
determination  and  by  computation  from 

obtained  by  actual 
formula  17 

Soil  No. 

Specific 
gravity, 
actual 
determi- 
nation 

Specific 

gravity 

computed 

from 

formula 

Soil  No. 

Specific 
gravity, 
actual 
determi- 
nation 

Specific 

gravity 

computed 

from 

formula 

2,262        

2.72 

2.70 
2.59 
2.50 
2.64 
2.62 
2.65 
2.71 
2.54 
2.63 
2.71 

2.70 
2.75 
2.55 
2.38 
2.58 
2.72 
2.71 
2.79 
2.62 
2.65 
2.67 

2,242 

2.640 
2.815 
2.752 
2.716 
2.740 
2.653 
2.612 
2.715 
2.660 
2.640 

2.67 

2,264 

2,499.. 

2.80 

2,280    

2,443 

2.77 

2,235 

1, 688    . 

2.72 

2,278 

1,606 

2.75 

2,261 

1,547.. 

1,611... 

2.67 

2,272 

2.62 

2,243 

2,370 

2.72 

2,251-. 

2,368 

2.66 

2,248 

2,365 

2.51 

2,250..- 

Figure  36,  B  illustrates  relations  existing  between 
the  shrinkage  limit  and  the  liquid  limit.  The  large 
dots  denote  the  relations  given  in  Table  5  for  the  repre- 
sentative soil  constituents.     Curve  5  is  characteristic 
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Figure  45. — Side  View  of  Mica  Pat  Showing  Expansion 
on  Drying  to  Constant  Weight  from  a  Moisture 
Content  Slightly  Above  the  Liquid  Limit.  The  Mica 
Just  Filled  the  Cup  when  Wet 

of  silt,  clay,  and  colloidal  soils.  It  also  indicates  ap- 
proximately the  average  relation  given  by  tests  of  a 
large  number  of  natural  soil  samples  (21).  The  small 
crosses  adjacent  to  this  curve  represent  results  of  tests 
performed  on  natural  soil  containing  bentonite  in  admix- 
tures varying  between  1.5  and  50  per  cent.  Curve  6 
indicates  the  moderately  high  shrinkage  limits  charac- 
teristic of  mucks,  peats,  and  kaolins.  Curve  7  represents 
diatoms  and  mica,  which  have  high  shrinkage  limits. 

Shrinkage  limits  characteristic  of  the  uniform  sub- 
grade  groups  are  as  follows: 

Group  A-l. — Generally  greater  than  14  and  less  than  20. 

Group  A-2.- — May  be  either  theoretical  or  significant  depend- 
ing upon  other  constants.  Not  likely  to  exceed  25  when  signifi- 
cant. 

Group  AS. — No  significant  shrinkage  limit. 

Group  A-4- — Generally  less  than  25.  Increase  in  expansive 
properties  of  members  of  this  group  indicated  when  shrinkage 
limits  exceed  20  and  approaches  relationship  represented  by 
curve  6. 

Group  A-5. — Generally  greater  than  30  and  greater  than  50 
for  very  undesirable  members  of  this  group.  May  approach 
relation  indicated  by  curve  6  for  silts  containing  peat  and 
approach  relation  indicated  by  curve  7  for  soils  containing  either 
diatoms  or  mica  in  appreciable  amount. 

Group  A-6. — Not  likely  to  exceed  in  appreciable  amount 
values  represented  by  curve  5. 

Group  A-7. — For  flocculated  varieties  of  this  group,  may 
slightly  exceed  values  given  by  curve  5.  For  varieties  containing 
mica,  peat  or  diatoms,  may  exceed  very  appreciably  values  indi- 
cated by  curve  5,  but  generally  less  than  those  indicated  by  curve 
6.  Soils  of  this  group  subject  to  frost  heave  have  the  higher 
shrinkage  limits. 

Group  A-8. — Generally  in  neighborhood  of  values  indicated 
by  curve  6,  and  seldom  greatly  in  excess  of  those  values. 

Centrifuge  moisture  equivalent. — This  constant  is 
defined  as  the  moisture  content,  expressed  as  a  per- 
centage of  the  weight  of  the  oven-dried  soil,  retained  by 
a  soil  sample  after  first  being  soaked  in  water  for  6 
hours,  then  drained  in  a  humidifier  for  12  hours,  and 
finally  centrifuged  under  an  acceleration  of  1000  X 
gravity  for  1  hour. 

The  action  which  takes  place  is  illustrated  in  Figure 
47.  Water  is  forced  outward  through  the  bottom  of  the 
cup  under  the  influence  of  two  forces,  the  centrifugal 
force  acting  on  the  water  and  the  pressure  which  the 
soil  particles  exert  on  one  another.  The  centrifugal 
force  acting  on  the  water  is  proportional  to  the  distance 
from  the  surface  of  the  sample.  Since  the  acceleration 
is  1000<7  the  pressure  at  a  distance  y  will  be  equal  to  y 
kilograms  per  square  centimeter.  The  pressure  which 
the  individual  particles  exert  upon  each  other  in  the 
direction  of  the  axis  of  the  cup  is  a  function  of  the 
specific  gravity  of  the  particles,  the  distance  from  the 
surface,  and  the  extent  of  hydrostatic  uplift.     If  the 
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Figure   46. — Typical  Curves  Showing   Variation   of 
Volume  Change  with  Moisture  Content 

soil  particles  are  not  surrounded  by  water,  the  hydro- 
static uplift  is  negligible,  and  we  may  define  the 
pressure  on  the  particles  as  Py  kilograms  per  square 
centimeter,  where  P  is  a  function  of  the  specific  gravity. 
This  is  the  case  with  nonexpansive  soils.  In  the  case 
of  expansive  soils  the  hydrostatic  uplift  is  much  greater. 
If  we  assume  it  as  full,  the  pressure  becomes  (P-l)y,  or, 
at  the  bottom  of  the  cup,  (P-l)h. 
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Figure  47. — Phenomenon  Occurring  During  the  Cen- 
trifuge Moisture  Equivalent  Test 

This  combination  of  forces  results  in  pressures  which 
are  equivalent  to  an  average  pressure  on  the  sample  of 
about  2  kilograms  per  square  centimeter.  As  the  inti- 
macy of  contact  between  soil  particles  is  increased,  the 
tendency  is  for  water  to  be  squeezed  from  the  sample  at 
both  top  and  bottom.  The  tendency  for  water  to  be 
forced  to  the  top  is  resisted  by  the  centrifugal  force 
acting  on  the  water.     This  force  is  in  turn  opposed  by 
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the  frictional  resistance  to  flow  offered  by  the  surfaces 
of  the  soil  pores  and  the  capillarity  of  the  soil,  both  of 
which  increase  as  the  soil  mass  decreases  in  volume 
during  the  test.  If  the  resisting  force  is  greater  than 
the  centrifugal  force  water  remains  at  the  top  of  the 
sample,  producing  the  condition  called  waterlogging. 
The  amount  of  water  which  is  forced  through  the  sample 
and  escapes  through  the  outlets  at  the  bottom  of  the 
cup  is  thus  dependent  on  the  permeability  of  the  soil. 

Thus  the  centrifuge  moisture  equivalent  (a)  serves 
to  distinguish  soils  which  are  permeable  (sand,  silt, 
mica,  diatoms,  peat  or  flocculated  clay  dominating) 
from  those  which  are  impermeable  (clay  and  colloids 
dominating)  when  compressed  by  a  centrifugal  force 
equal  to  about  2  kilograms  per  square  centimeter  (12) ; 
(b)  serves  to  disclose  to  some  extent  the  degree  of  capil- 
larity possessed  by  permeable  soils;  (c)  furnishes  a 
means  of  distinguishing  permeable  soils  of  the  non- 
expansive  from  those  of  the  expansive  varieties. 

The  moisture  equivalents  of  permeable  soils,  for  in- 
stance, decrease  consistently  when  the  sand  content  of 
the  soils  is  increased.  The  shrinkage  limits  of  silt  and 
clay  soils  having  capillarity  in  appreciable  amount 
increase  at  a  very  slow  rate  with  increase  in  the  sand 
content  of  the  soils  until  the  amount  of  sand  added  be- 
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Figure  48. — Relation   Between  Centrifuge  Moisture 
Equivalent  and  Shrinkage  Limit  for  Sand  Admixtures 

comes  sufficient  to  reduce  the  capillary  properties  of  the 
soil  very  appreciably.  At  this  sand  content  the  shrink- 
age limits  of  the  soils  become  theoretical  instead  of 
significant  and  increase  at  an  abnormally  high  rate  with 
further  additions  of  sand.  Therefore,  by  plotting  the 
centrifuge  moisture  equivalents  against  the  correspond- 
ing shrinkage  limits  of  soils  to  which  sand  has  been 
added  in  increasing  amounts,  the  centrifuge  moisture 
equivalent  value  at  which  the  shrinkage  limits  sud- 
denly begin  to  increase  is  easily  determined.  This  value 
of  the  centrifuge  moisture  equivalent  should  indicate 
the  degree  of  capillarity  below  which  expansion  and 
shrinkage  become  negligible  in  amount. 

Figure  48  shows  the  results  furnished  by  a  determina- 
tion of  this  character.  The  soil  constants  were  obtained 
from  tests  performed  upon  a  number  of  soils  containing 
sand  in  amounts  varying  between  20  and  80  per  cent. 
The  results,  it  will  be  noted,  are  grouped  in  a  well  de- 
fined band  which  indicates  a  very  pronounced  increase 
in  the  theoretical  shrinkage  limits  when  the  amount  of 
contained  sand  is  sufficient  to  reduce  the  centrifuge 
moisture  equivalents  to  less  than  12. 
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Figure  49. — Relation  Between  Liquid  Limit  and  Cen- 
trifuge Moisture  Equivalent  for  Different  Types 
of  Sand 

Since  detrimental  frost  heave  occurs  only  in  soils 
having  capillarity  in  appreciable  amount,  it  should  not 
occur  in  soils  which  have  centrifuge  moisture  equiva- 
lents less  than  about  12.  And  this  seems  to  be  verified 
by  the  subgrade  surveys  of  the  bureau  now  in  progress. 
To  provide  a  proper  factor  of  safety,  however,  materials 
used  for  porous  (7)  base  courses  in  practice,  shoidd 
have  centrifuge  moisture  equivalents  not  exceeding  6 
or  8. 

The  centrifuge  moisture  equivalents  of  the  represent- 
ative soil  constituents  (Table  5)  are  shown  graphically 
in  Figure  36,  C.  This  figure  contains  also  curves  8,  9, 
and  10,  which  indicate  important  relations  existing  be- 
tween the  centrifuge  moisture  equivalent  and  the  liquid 
limit.  Curve  8  represents  the  relation  between  the 
liquid  limits  and  the  centrifuge  moisture  equivalents  of 
average  sands  (absence  of  hydrostatic  uplift).  Curve  9 
represents  the  statistical  relation  between  the  average 
liquid  limits  and  centrifuge  moisture  equivalents  ob- 
tained from  a  great  number  of  heat-treated  soil  sam- 
ples (21).  Curve  10  represents  the  relation  between 
the  liquid  limits  and  the  centrifuge  moisture  equiva- 
lents of  average  silt  and  colloidal  soils  (particles  acting 
under  full  hydrostatic  uplift). 

Members  of  the  uniform  subgrade  groups  may  have 
centrifuge  moisture  equivalents  as  follows; 

Group  A-l. — Seldom  appreciably  greater  than  15. 
Group  A-2. — Not  likely  to  exceed  25. 
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Group  AS. — Not  likely  to  exceed  12.  In  combination  with 
the  liquid  limit,  discloses  the  relative  resistance  to  flowing  pos- 
sessed by  sands  equal  in  degree  of  capillarity.     (See  Fig.  49). 

Group  A~4- — Generally  greater  than  12,  approaching  values 
indicated  by  curve  10,  but  not  likely  to  waterlog,  although  ex- 
ceptions eccur.  When  greater  than  the  liquid  limits  in  the 
absence  of  waterlogging,  indicates  especially  unstable  silts. 

Group  A-5. — Greater  than  12  and  not  likely  to  waterlog,  al- 
though exceptions  occur.  Often  has  values  between  curves  9 
and  10.  May  approach  those  indicated  by  curve  8  for  sand- 
mica  mixtures. 

Group  A-6. — May  approach  values  indicated  by  curve  10  for 
the  highly  colloidal  soils,  with  values  lying  between  curves  9 
and  10  for  clay  soils  containing  sand  in  appreciable  amount. 
Likely  to  waterlog  when  exceeding  40. 

Group  A-7. — Generally  greater  than  values  indicated  by  curve 
9  and  less  than  values  indicated  by  curve  10.  May  not 
waterlog  with  centrifuge  moisture  equivalents  as  high  as  90. 

Group  A-8. — Generally  between  curves  9  and  10. 


Figure  50.- 


-Phenomenon  Occurring  During  the  Field 
Moisture  Equivalent  Test 


It  is  interesting  to  note  also  that  adding  sand  to  the 
silt  and  clay  mixes,  which  are  represented  by  curve  10, 
will  change  these  soils  to  graded  mixes  of  the  Group 
A-l  or  Group  A-2  variety  and  the  test  relationship  will 
approach  that  indicated  by  curve  9.  Adding  both 
sand  and  mica  to  a  silt  may  cause  its  centrifuge  mois- 
ture equivalent  to  assume  the  relation  to  the  liquid 
limit  represented  by  curve  9. 

Field  moisture  equivalent. — This  term  is  defined  as 
the  minimum  moisture  content,  expressed  as  a  percent- 
age of  the  weight  of  the  oven-dried  soil,  at  which  a  drop 
of  water  placed  on  a  smoothed  surface  of  the  soil  will 
not  immediately  be  absorbed,  but  will  instead  spread 
out  over  the  surface  and  give  it  a  shiny  appearance. 
(See  fig.  50.) 

The  drop  of  water  fails  to  penetrate  the  wet  and 
smoothed  soil  sample  (a)  when  the  pores  of  nonex- 
pansive  soils  (sands)  are  completely  filled,  (b)  when  the 
capillarity  of  cohesionless  expansive  soils  (diatoms  and 
mica)  is  completely  satisfied,  and  (c)  when  cohesive 
soils  possess  moisture  in  amount  sufficient  to  cause  the 
smoothed  surface  of  the  sample  to  become  impervious. 
This  impervious  skin  may  occur  at  moisture  contents 
far  below  those  required  to  satisfy  the  capillarity  of 
cohesive  soils. 

That  the  moisture  content  at  which  the  impervious 
skin  is  formed  measures  a  definite  soil  property  and  is 
not  dependent  upon  the  time  during  which  the  soil  re- 
mains wetted  is  evidenced  by  the  fact  that  highly 
colloidal    clays,   whether  wetted   for  several   minutes 


or  for  24  hours,  generally  resist  the  penetration  of 
the  drop  of  water  at  practically  equal  moisture  contents. 

Figure  36,  D  contains  curves  showing  relations  exist- 
ing between  the  liquid  limit  and  the  field  moisture  equiv- 
alent. Curve  11  represents  the  statistical  relationship 
which  was  found  to  exist  between  the  averages  of  re- 
suits  furnished  by  tests  performed  upon  a  large  number 
of  natural  soil  samples  (21).  This  curve,  it  will  be  noted, 
represents  also  the  relation  given  by  results  of  tests 
performed  upon  the  soils  containing  admixtures  of 
active  colloids. 

The  positions  of  curves  12  and  13  were  chosen  arbi- 
trarily to  represent  high  and  very  high  field  moisture 
equivalents.  The  field  moisture  equivalents  of  the 
representative  soil  constituents  (Table  5)  are  also 
shown  graphically  in  Figure  36,  D.  The  field  moisture 
equivalent  individually  and  in  its  relation  to  the  other 
constants  serves  to  furnish  the  following  supplementary 
information  with  respect  to  the  identification  of  sub- 
grade  soils. 

Group  A-l. — Field  moisture  equivalent  not  significant. 

Group  A-2. — Field  moisture  equivalent  not  significant. 

Group  AS. — Field  moisture  equivalent  indicates  the  porosity 
of  these  cohesionless  materials  when  completely  saturated;  in 
combination  with  the  liquid  limit  discloses  the  degree  of  satura- 
tion required  to  cause  sands  to  have  a  very  small  shear  resist- 
ance. 

Group  A-l,. — When  approximately  equal  to  or  larger  than 
centrifuge  moisture  equivalents  the  field  moisture  equivalents 
indicate  presence  of  expansive  properties  in  detrimental  amounts. 

Group  A-5. — Field  moisture  equivalents  may  approach  values 
indicated  by  curve  12  for  silts  containing  peat  in  appreciable 
amount  and  those  indicated  by  curve  13  for  highly  elastic  silts 
containing  mica  or  diatoms  in  appreciable  amount.  May  not 
exceed  those  indicated  by  curve  11  for  kaolins  possessing* good 
binder  properties. 

Group  A-6. — May  approach  values  indicated  by  curve  11 
generally,  but  smaller  when  the  grading  of  the  colloidal  clay  soils 
of  this  group  is  such  as  to  cause  smoothed  surface  of  soil  when 
wetted  to  become  highly  impermeable. 

Group  A-7. — Soils  of  this  group  either  flocculated  or  contain- 
ing organic  matter  partially  decomposed  into  the  colloidal  state 
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may  have,  as  in  the  case  of  the  Group  A-6  soils,  shrinkage  limits 
approaching  those  represented  by  curve  5.  Their  field  moisture 
equivalents,  however,  are  likely  to  be  appreciably  greater  than 
those  indicated  by  curve  11. 

Group  A-8. — Same  as  group  A-5. 

Volumetric  change. — Only  in  certain  instances  does 
the  degree  to  which  soils  may  shrink  when  dried  out 
from  an  arbitrary  wet  state  furnish  information  with 
respect  to  the  identification  of  subgrade  soils  supple- 
mentary to  that  furnished  by  the  constants  discussed 
above.  Volumetric  changes  from  the  field  moisture 
equivalent  are  now  computed  only  to  determine  whether 
those  of  graded  materials  and  silty  clays  are  larger 
or  smaller  than  about  17.  This  limit,  according  to 
computation,  is  equivalent  to  a  lineal  shrinkage  of  5, 
a  value  which  has  been  established  by  A.  C.  Rose  and 
C.  H.  McKesson  (Public  Roads,  August,  1924,  Septem- 
ber, 1925,  and  September,  1927),  as  representing  the 
maximum  degree  of  shrinkage  properties  which  may 
be  possessed  by  good  soil  mortars  or  stable  subgrade 
soils.  Thus,  in  certain  instances  the  volumetric  change 
assists  in  distinguishing  the  Group  A-6  and  Group 
A-7  soils  which  are  inclined  to  shrink  in  appreciable 
amount  (volumetric  change  approximately  equal  to  or 


greater  than   17)  from  the  Group  A-2,  A-4,  or  A-5 
varieties  in  which  shrinkage  is  not  important. 
Let 

F.  M.  E.  =  field  moisture  equivalent, 

{r^specific  gravity  of  soil  particles, 
yS'=shrinkage  limit, 
R  =  shrinkage  ratio. 
The  volumetric  change,  Cf,  is  given  by  the  formula 


We  have 


Hence, 


Cf  =  {F.M.  E.-S)xR. 
1 


<7  = 


1       S 
R     100 


(18) 
(17) 


R  = 


100G 


S 


100  +  GS     1 

G+100 


And,  by  substitution, 


F.  M.E.-S 


1 


S 


(19) 


67+100 
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No  computation  of  the  volumetric  change  is  required 
for  the  average  clay  soils  of  the  Group  A-6  or  Group 
A-7  variety  when  the  shrinkage  limits  do  not  exceed 
those  shown  by  curve  5  and  the  field  moisture  equi- 
valents are  not  less  than  those  indicated  by  curve  11. 
With  a  liquid  limit  of  35,  for  instance,  such  soils  have 
shrinkage  limits  not  exceeding  15  and  field  moisture 
equivalents  not  less  than  26.  By  substitution  of  these 
values  in  equation  18,  we  find  that  the  volumetric 
change,  with  an  average  R  equal  to  1.8,  exceeds  20,  and 
for  this  value  the  lineal  shrinkage  is  larger  than  5. 

Lineal  shrinkage. — The  volumetric  change,  C\,  is  ex- 
pressed as  a  percentage  of  the  dry  volume  of  the  soil 
cake.  The  lineal  shrinkage,  L.  S.,  expressed  as  a  per- 
centage of  the  length  of  wet  soil  bar,  is  defined  by  the 
formula 

L-s-io{1_Vra] (2o) 

The  lineal  shrinkage,  as  such,  possesses  no  more  sig- 
nificance than  the  volumetric  change.  However,  the 
lineal  shrinkage  combined  with  the  field  moisture  equiva- 
lent offers  a  means  of  estimating  the  shrinkage  limit  which 
may  be  used  when  the  first  two  values  are  known  and 
the  shrinkage  limit  has  not  been  determined  by  test. 

The  relation  between  lineal  shrinkage,  field  moisture 
equivalent,  and  shrinkage  limit  computed  by  equations 
19  and  20  for  soils  having  a  specific  gravity  of  2.65  is 
shown  graphically  in  Figure  51.  According  to  this 
figure  a  soil  having  a  lineal  shrinkage  of  17  combined 
with  a  field  moisture  equivalent  of  82  would  have  a 
shrinkage  limit  of  approximately  30. 

The  relation  between  shrinkage  limit  and  shrinkage 
ratio  for  specific  gravities  varying  from  2.25  to  2.95  is 
shown  in  Figure  52. 

TEST  CONSTANTS  AND  MECHANICAL  ANALYSES  STATISTICALLY 
RELATED 

In  addition  to  knowing  the  interrelationships  between 
the  test  constants  it  may  prove  helpful  also  to  have  some 
conception  of  the  average  relations  existing  between  the 
clay,  silt,  and  sand  contents  of  soils  and  their  test 
constants. 

The  relations  represented  by  curves  3,  5,  9,  and  11 
(fig.  36)  are,  in  general,  those  which  have  been  reported 
previously  as  "statistical"  relationships  between  the 
averages  of  large  numbers  of  individual  soil  tests  (21). 
The  average  mechanical  analysis  of  soils  whose  tests 
are  related  according  to  these  statistical  laws  is  shown 
in  Figure  53  as  a  function  of  the  liquid  limit. 

Both  the  grading  represented  in  Figure  53  and  the 
constants  represented  by  curves  3,  5,  9,  and  11  may  be 
considered  as  characteristic  of  "average  soils,"  and 
this  fact  may  serve  as  a  basis  for  estimating  the  relative 
degree  to  which  particular  soils  possess  certain 
characteristics. 

An  "average"  or  "statistical"  soil  containing  72  per 
cent  clay  and  no  sand  has,  according  to  Figures  53  and 
36,  constants  as  follows:  Liquid  limit,  100;  plasticity 
index,  54;  shrinkage  limit,  11;  centrifuge  moisture 
equivalent,  72;  and  field  moisture  equivalent,  45.  If  a 
soil  being  investigated  contains  72  per  cent  of  clay  and 
no  sand,  but  the  constants  have  the  values,  liquid  limit, 
50,  plasticity  index,  30,  shrinkage  limit,  15,  centrifuge 
moisture  equivalent,  60,  and  field  moisture  equivalent, 
55,  its  constants  may  be  expressed  as  ratios  of  the 
constants  possessed  by  the  statistical  soils. 

As  the  investigations  in  progress  disclose  more  and 
more  the  soil  constituents  which  cause  the  constants  of 
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Figure  53. — Average  Mechanical  Analysis  of  Soils 
Whose  Tesis  Are  Related  According  to  Curves  3,  5, 
9,  and  11,  Figure  36 

various  soils  to  differ  from  the  constants  of  statistical 
soils,  the  relations  discussed  above  will  serve  to  reveal 
more  accurately  the  constituents  of  which  the  soils  being 
investigated  are  composed. 

It  is  interesting  to  note  that  the  representative  soil 
constituent,  clay,  in  Table  5,  is  for  all  practical  pur- 
poses an  "average"  soil. 

The  constants  of  statistical  soils  containing  both  clay 
and  sand  in  amounts  equal  to  those  indicated  in  Figure 
53  are  obtained  in  the  same  manner  as  the  constants  of 
statistical  soils  containing  clay  and  no  sand. 

Thus  the  constants  of  a  statistical  soil  containing 
36  per  cent  clay  and  16  per  cent  sand  have  the  following 
values:  Liquid  limit,  50;  plasticity  index,  23; 
shrinkage  limit,  13;  centrifuge  moisture  equivalent,  36; 
and  field  moisture  equivalent,  32. 

It  may  prove  helpful  also  to  be  able  to  estimate  what 
might  be  termed  the  average  influence  exerted  by  sand 
admixtures  upon  the  constants  possessed  by  soils.  The 
conversion  curves  of  Figures  54  and  55  furnish  a  means 
of  making  estimates  of  this  character.  These  curves 
are  based  on  tests  performed  upon  soils  containing 
sand  admixtures  in  different  amounts.  The  sand  con- 
tent, referred  to  in  these  figures  as  "per  cent  sand," 
is  expressed  as  a  percentage  of  the  combined  weights 
of  both  sand  admixture  and  soil. 

Estimates  furnished  by  means  of  conversion  curves 
decrease  in  accuracy  as  the  amount  of  the  assumed  sand 
admixture  is  increased.  This  is  due  to  the  fact  that  the 
curves  indicate  the  average  influence  exerted  by  a 
number  of  sands  and  not  the  influence  exerted  by  a 
particular  sand.     As  admixtures  of  a  particular  sand 
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increase  in  amount,  its  individual  characteristics, 
which  depend  on  its  grading,  the  size  and  shape  of  its 
grains,  etc.,  will  exert  an  increasingly  important 
influence  upon  the  test  constants  of  the  mixture,  and 
cause  them  to  vary  from  the  estimates  furnished  by  the 
conversion  curves.  This  is  especially  true  when  the 
sand  admixture  increases  in  amount  above  about  45  per 
cent.  As  the  sand  admixture  decreases  in  amount  below 
about  45  per  cent,  the  physical  characteristics  of  the 
sand  exert  less  and  less  influence  on  the  soil  test  results. 
In  order  to  illustrate  the  use  of  Figures  54  and  55 
let  us  assume  that  a  soil  sample  has  constants  equal  to 
those  designated  for  sample  A,  Table  7.  It  is  de- 
sired to  estimate  the  influence  exerted  by  adding  sand 
in  amount  equal  to  25  per  cent  of  the  weight  of  the 
soil.     The    assumed    admixture    in    this    case    equals 

25  x  inn 

— r^rr —  per  cent  or  20  per  cent  of  the  resulting  combi- 

1^0 


nation  of  sand  and  soil.  Consequently,  we  reduce  each 
constant  of  sample  A  by  an  amount  indicated  in  the 
corresponding  conversion  diagram  for  a  sand  admixture 
of  20  per  cent.  The  resulting  constants  are  given 
opposite  sample  X  in  Table  7. 


Table  7- 


-Test  constants  estimated  on  the  basis  of  the  conversion 
curves  for  sand  admixtures 


Sample 

Liquid 
limit 

Plasticity 
index 

Shrinkage 

Moisture  equiva- 
lent 

Limit 

Ratio 

Centri- 
fuge 

Field 

A 

Per  cent 
45 
37 

Per  cent     Per  cent 
19                20 

1.7 
1  1.7 

Per  cent 
33 
26 

Per  cent 
30 

x_ 

10 

20 

26 

1  Specific  gravity  assumed  to  equal  that  of  sample  A.    Therefore,  with  equal 
shrinkage  limits  the  shrinkage  ratios  will  be  equal. 
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PART  III:  UTILIZATION  OF  THE  SUBGRADE  SOIL  IDENTIFICATION  CHART 


The  soil  identification  chart,  shown  in  revised  form 
in  Figure  56  serves  a  triple  purpose.  First,  it  offers  a 
means  of  identifying  those  subgrade  soils  whose  per- 
formance in  service  has  been  learned;  second,  it  assists 
in  predicting  the  performance  of  soils  comprising  the 
subgrades  of  roads  to  be  constructed;  and,  third,  it 
assists  in  disclosing  the  influence  exerted  by  either 
physical  or  chemical  admixtures  upon  the  performance 
of  subgrade  soils. 

In  order  to  demonstrate  how  these  purposes  are 
accomplished  the  improvement  of  soils  by  means  of 
admixtures  is  illustrated  and  a  limited  number  of  soils 
belonging  to  the  different  groups  are  analyzed  with 
respect  to  their  constants.  To  facilitate  this  demonstra- 
tion the  basic  requirements  of  good  sand  clay  roads  are 
discussed  and  both  the  grading  and  the  constants 
indicative  of  soils  of  the  different  groups  are  reviewed. 

G  HADING  OF  GOOD  TOP  SOILS  DEPENDS  UPON    THE    CHARACTER 
OF  THE  BINDER 

Theoretically  stable  mixtures  consist  of  a  well  graded 
coarse  material  (grains  larger  than  about  0.05  milli- 
meter in  diameter)  possessing  high  internal  friction,  and 
a  binder.  The  binder,  which  may  be  visualized  as 
occupying  the  sand  pores,  should  have  sufficient  cohe- 
sion to  cement  the  sand  grains  together;  and,  upon 
wetting,  the  binder  should  expand  in  amount  just 
sufficient  to  close  the  surface  pores  and  thus  prevent 
water  from  penetrating  and  softening  the  interior  of  the 
road  surface.  When  the  binder  expands  an  amount 
greater  than  that  required  to  close  the  sand  pores,  the 
sand  grains  are  likely  to  become  unseated,  thus  reduc- 
ing the  stability  of  the  mixture.  When  the  binder  does 
not  expand  sufficiently  to  close  the  sand  pores,  water 
may  enter  and  soften  the  road  surface.  It  follows  that 
the  amount  of  binder  required  to  furnish  stable  mix- 
tures depends  upon  the  expansion  properties  of  the 
binder.  Binders  which  are  only  slightly  expansive  may 
be  used  in  an  amount  sufficient  to  fill  the  pores  of  the 
sand  almost  completely.  As  the  expansive  properties 
of  the  binder  become  more  and  more  important,  the 
amount  used  without  danger  of  unseating  the  sand 
grains  must  of  necessity  become  smaller  and  smaller. 

Of  two  soils  whose  tendency  to  shrink  or  expand  are 
equal,  the  one  having  the  greater  amount  of  cohesion 
should  be  the  better  binder.  Of  two  soils  having  equal 
cohesion,  that  having  the  less  tendency  to  shrink  or 
expand  should  be  the  better  binder,  since  a  greater 
amount  of  it  can  be  used  than  of  the  more  expansive  soil. 

This  theoretical  conception  that  the  amount  of 
binder  required  depends  upon  the  characteristics  of  the 
binder  is  substantiated  by  Doctor  Strahan's  (22) 
studies  of  roads  in  service.  He  emphasizes  the  fact 
that  while  soil  mixtures  having  particular  gradings  are 
likely  to  produce  stable  wearing  courses,  the  gradings 
are  a  qualitative  rather  than  a  quantitative  measure  of 
efficiency.  The  cohesive  and  shrinkage  properties  of 
the  fine  material  are  of  utmost  importance.  Doctor 
Strahan  reports  kaolin  as  being  an  exceptionally  good 
binder;  and  according  to  its  constants  kaolin  possesses 
properties  theoretically  required  by  good  binders. 
These  constants  are: 

Liquid  limit 60 

Plasticity  index 26 

Shrinkage  limit 36 

Shrinkage  ratio 1.  3 

Centrifuge  moisture  equivalent 49 

Field  moisture  equivalent 36 


The  liquid  limit  of  60,  for  instance,  combined  with  a 
plasticity  index  of  26  indicates  cohesive  properties 
approaching  those  of  an  inert  clay  (curve  3).  The 
shrinkage  limit  of  36  equals  that  of  elastic  silts  and  muck 
(curve  6).  The  centrifuge  moisture  equivalent  of  49 
indicates  a  water  capacity  slightly  greater  than  that  of 
average  soils  (curve  9).  The  field  moisture  equivalent 
of  36  indicates  a  resistance  to  water  penetration  char- 
acteristic of  colloidal  soils  (curve  11) :  and  the  shrinkage 
limit  being  equal  to  the  field  moisture  equivalent,  the 
lineal  shrinkage,  like  that  of  sand,  is  equal  to  0. 

It  is  clear  that  kaolin  has  both  cohesion  and  water- 
retentive  properties  in  moderate  amount,  relatively 
high  resistance  to  water  penetration  when  at  the  shrink- 
age limit,  and  negligible  shrinkage  properties.  The 
constants  possessed  by  kaolin  may,  therefore,  serve  as 
a  basis  for  identifying  good  binders.  These  character- 
istics, it  will  be  noted,  indicate  a  plastic  variety  of  the 
Group  A-5  subgrade  wTith  an  exceptionally  low  field 
moisture  equivalent. 

SUBGRADE  SOILS  MAY  BE  IMPROVED  BY  ADMIXTURES 

It  is  natural  that  efforts  should  be  made  to  increase 
the  stability  of  certain  varieties  of  subgrade  soil  by 
admixtures  of  suitable  materials.  The  success  of  such 
efforts  depends  upon  the  manner  and  the  extent  to 
which  unstable  mixed  materials  differ  in  character  from 
those  which  are  stable.  The  changes  which  admix- 
tures produce  in  the  test  constants  indicate  their  effect 
on  the  physical  properties  of  the  soil. 

If,  according  to  mechanical  analysis,  the  soil  is  defi- 
cient in  coarse  material  and  has  appreciable  plasticity, 
admixtures  of  coarse,  granular  materials,  such  as  sand, 
slag,  gravel,  or  crushed  stone,  may  prove  beneficial. 
It  has  been  observed  that  the  efficiency  of  rounded 
gravel  may  be  increased  considerably  by  either  crushing 
or  adding  angular  fragments  to  the  rounded  material. 

If  the  active  portion  of  the  soil  mortar,  because  of 
domination  of  clay,  is  high  in  both  plasticity  and 
shrinkage  properties,  admixtures  of  either  porous  silt  or 
materials  such  as  hydrated  lime,  diatoms,  etc.,  having 
high  shrinkage  limits  may  serve  to  reduce  the  shrinkage 
properties  without  reducing  too  much  the  plasticity  of 
the  soil.  Penetrative  bituminous  materials  applied  to 
reduce  the  moisture  capacity  of  the  clay  may  prove 
beneficial. 

Table  8. — Test   results   on  several   soils   combined   with   various 
admixtures 


Soil 
No. 


3,770 


5,041 


Admixture 


None 

60  per  cent  A  sand  ' ._ 

20  per  cent  mica 

IS  per  cent  peat 

15  per  cent  diatoms 

ii  per  cent  colloids 

None - 

60  per  cent  A  sand 

20  per  cent  mica 

15  per  cent  peat 

15  per  cent  diatoms.. 

6  per  cent  colloids 

("None 

115  per  cent  hydrated  lime 


Liq- 
uid 
limit 


P.  ct 
24 
25 
44 
37 
73 
39 
66 
36 
70 
72 


Plas- 
ticity 
index 


P.  ct. 

0 

0 

0 

0 

38 

20 

40 

20 

42 

38 

54 

62 

36 

58 


Shrinkage 


Limit. 


P.ct. 
20 


Ratio 


P.ct 

1.7 


1.2 
1.3 
1.3 
1.6 
2.  1 
1.9 
1.8 
1.8 
1.6 
2.1 
1.9 
1.6 


Moisture 
equivalent 


Cen- 

tri 
fuge 


P.ct. 
15 
10 
23 
26 
38 
32 
2  53 
23 
63 
66 
75 

2  133 
55 
59 


Field 


Volu- 
metric 
change 


P.  ct 
24 
25 
44 
34 
42 
28 
29 
27 
51 
47 
52 
40 
50 
42 


P.ct. 


68.4 
28.8 


1  Angular  sand  consisting  of  crushed  diabase. 

2  Waterlogged. 
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Figure  56. — The  Soil  Identification  Chart 


If  the  soil  contains  an  abundance  of  coarse  material 
and  lacks  clay  and  silt,  cohesive  materials  obviously  must 
be  added.  In  this  case  either  a  proper  clay  binder  may 
be  added  or  the  cohesionless  coarse  material  may  be 
treated  with  a  highly  penetrative  bituminous  material 
and  covered  with  alight  application  of  granular  material. 

If  the  soil,  according  to  mechanical  analysis,  has 
proper  grading  but  is  low  in  both  plasticity  and  shrink- 
age, and  is  to  be  placed  on  a  very  dry  subgrade,  the 
addition  of  a  cohesive  material  may  prove  beneficial. 
Thus  the  gluey  colloids  which  are  detrimental  to  soil  in 
large  amounts  may  prove  beneficial  when  present  in 
very  small  amounts.  Bentonite,  for  instance,  added  in 
the  laboratory  to  a  fine  sandy  loam  in  amounts  not  ex- 
ceeding 3  per  cent  has  the  effect  of  introducing  plas- 
ticity and  resistance  to  erosion  without  increasing  the 


shrinkage  in  detrimental  amounts.  Admixtures  of 
bituminous  materials,  referred  to  above,  may  also  serve 
this  purpose  very  efficiently. 

The  data  contained  in  Table  8  illustrate  how  the  test 
constants  disclose  the  influence  exerted  by  different 
kinds  of  admixtures  upon  the  characteristics  of  soils. 

It  is  interesting  to  note  that  when  mica  and  diatoms 
are  added  to  the  nonplastic  soil,  No.  3,770,  both  the 
shrinkage  limits  and  the  field  moisture  equivalents  are 
very  appreciably  increased.  The  same  is  true  when 
diatoms  are  added  to  the  plastic  soil,  No.  4,056.  When 
mica  is  added  to  the  plastic  soil  only  the  field  moisture 
equivalent  is  very  appreciably  increased. 

It  is  interesting  also  to  note  that  the  volumetric 
change  of  soil  No.  5,041  is  68.4  and  that  of  the  mixture 
of  this  soil  and  hydrated  lime  is  only  28.8. 
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Figure  57. — Grading  of  Good  Soil  Mortars 


GRADING  AND  CONSTANTS  OF  SUBGRADE  GROUPS  REVIEWED 

The  gradings  of  the  various  subgrade  groups  and 
the  values  of  the  test  constants  characteristic  of  them 
are  repeated  here  as  an  aid  to  the  discussion  of  soil 
identification,  with  which  this  part  of  the  report  is 
chiefly  concerned. 

Group  A-l.- — Grading:  Material  retained  on  the  No.  10 
sieve  not  more  than  about  50  per  cent.  The  soil  mortar,  that 
fraction  passing  the  No.  10  sieve,  to  consist  of  clay,  5  to  10  per 
cent;  silt,  10  to  20  per  cent;  total  sand,  70  to  85  per  cent;  and 
coarse  sand,  45  to  60  per  cent.  Average  effective  size  approxi- 
mately 0.01  millimeters  and  uniformity  coefficient  greater  than 
15.  The  band  shown  in  Figure  57  illustrates  graphically  the 
grading  of  good  soil  mortars. 

Constants:  Liquid  limit  not  less  than  14  nor  greater  than  25; 
plasticity  index  approximately  equal  to  that  indicated  by  curve 
2  (fig.  56,  A)  and  seldom  greater  than  8;  shrinkage  limit  seldom 
less  than  14  or  greater  than  20;  and  centrifuge  moisture  equiva- 
lent not  apt  to  be  greater  than  15. 

Fraction  passing  the  No.  200  sieve — see  constants  of  kaolin, 
p.  134,  and  Group  A-5  subgrade  below. 

Group  A-2. — Grading:  Not  less  than  about  55  per  cent  of 
■sand  in  the  soil  mortar. 

Constants:  Liquid  limit  generally  not  less  than  14  or  greater 
than  35;  a  plasticity  index  of  zero  with  a  significant  shrinkage 
limit  or  a  plasticity  index  greater  than  zero  and  less  than  15 
with  or  without  a  significant  shrinkage  limit;  centrifuge  mois- 
ture equivalent  not  greater  than  25. 

Group  AS. — Grading:  Effective  size  not  likely  to  be  less  than 
0.10  millimeters. 

Constants:  Liquid  limit  not  appreciably  greater  than  35; 
no  plasticity  index;  no  significant  shrinkage  limit;  centrifuge 
moisture  equivalent  less  than  12. 

Ability  of  sands  to  resist  sliding  when  wet  indicated  as  follows: 
Liquid  limits  of  10  to  14  signify  beach  and  other  rounded  sands 
which  slide  easily;  liquid  limits  of  30  to  35  indicate  rough  angular 
particles  which  do  not  slide  easily.  In  addition,  liquid  limits 
when  lower  than  field  moisture  equivalents  indicate  materials 
which  flow  under  partial  saturation;  when  equal  to  the  field 
moisture  equivalents,  the  liquid  limits  indicate  average  sands 
which  flow  under  full  hydrostatic  uplift.  Liquid  limits  greater 
than  field  moisture  equivalents  indicate  rough-grained  sands 
which  flow  only  when  in  a  state  less  consolidated  than  that  rep- 
resented by  the  field  moisture  equivalent.     (See  fig.  58.) 

Group  A~4- — Grading:  Less  than  55  per  cent  sand. 

Constants:  Liquid  limit  seldom  less  than  20  or  greater  than  40; 
plasticity  index  not  greater  than  those  indicated  by  curve  3; 
shrinkage  limit  not  likely  to  be  greater  than  25 ;  centrifuge  moisture 
equivalent  approaching  those  indicated  by  curve  10,  between  12 
and  50;  when  greater  than  liquid  limit  indicates  varieties  of  soils 
inclined  to  be  especially  unstable  in  the  presence  of  water;  field 


moisture  equivalent  equal  to  or  somewhat  greater  than  those  indi- 
cated by  curve  11,  with  a  maximum  of  about  30. 

Increase  in  expansive  properties  generally  indicated  when 
shrinkage  limits  exceed  20  and  approach  those  represented  by 
curve  6;  especially  likely  when  field  moisture  equivalent  exceeds 
centrifuge  moisture  equivalent. 

Group  A-5. — Grading:  Less  than  55  per  cent  sand.  (Excep- 
tions occur.) 

Constants:  Liquid  limit  usually  greater  than  35;  plasticity  index 
seldom  greater  than  those  indicated  by  curve  3;  centrifuge  mois- 
ture equivalent  greater  than  12,  often  lying  between  curves  9 
and  10;  not  likely  to  water-log.     (Exceptions  occur.) 
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Figure  58. — Significant  Relations  Between  Test  Con- 
stants for  Group  A-3  Subgrade  Soils 

Shrinkage  limit  generally  greater  than  30  and  greater  than  50 
for  very  undesirable  members  of  this  group.  May  approach 
values  indicated  by  curve  6  for  silts  containing  peat  and  approach 
those  indicated  by  curve  7  for  soils  containing  either  diatoms  or 
mica  in  appreciable  amount.  Field  moisture  equivalent  ap- 
proaching those  indicated  by  curve  12  for  silts  containing  peat  in 
appreciable  amount  and  those  indicated  by  curve  13  for  highly 
elastic  soils  containing  mica  or  diatoms  in  appreciable  amount. 
The  kaolins,  representing  good  binders,  are  members  of  group 
possessing  relatively  high  plasticity  indices  and  low  field  moisture 
equivalents. 

Group  A-6. — Grading:  Seldom  contains  less  than  30  per  cent 
clay. 

Constants:  Liquid  limit  usually  greater  than  35;  plasticity  index 
approximately  represented  by  curve  4;  shrinkage  limit  not  likely 
to  be  appreciably  greatr  than  that  indicated  by  curve  5;  centri- 
fuge moisture  equivalent  test  generally  productive  of  water-log- 
ging; likely  to  lie  between  curves  9  and  10;  field  moisture  equiva- 
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lent  seldom  exceeding  those  indicated  by  curve  11,  but  may  be 
appreciably  less  for  certain  colloidal  soils.  Volumetric  change 
generally  greater  than  17. 

Group  A-7. — Grading:  Seldom  contains  less  than  30  per  cent 
clay. 

Constants:  Liquid  limit  usually  greater  than  35;  plasticity  index 
varies  between  those  indicated  by  curves  3  and  4;  shrinkage 
limit  generally  varies  between  those  indicated  by  curves  5  and  6; 
centrifuge  moisture  equivalent  varies  between  those  indicated 
by  curves  9  and  10;  water-logging  in  centrifuge  test  may  not 
occur  even  at  very  high  moisture  equivalents.  Field  moisture 
equivalent  greater  than  those  indicated  by  curve  11.  Relatively 
low  shrinkage  limits  with  high  field  moisture  equivalents  indi- 
cate presence  of  colloidal  organic  matter.  Relatively  high 
shrinkage  limits  indicate  the  possibility  of  frost  heave. 

Group  A-8.— Grading:  Not  significant. 

Constants:  Liquid  limit  greater  than  45;  plasticity  index  gen- 
erally less  than  those  indicated  by  curve  3;  shrinkage  limit 
indicated  approximately  by  curve  6;  centrifuge  moisture  equiva- 
lent between  curves  9  and  10;  field  moisture  equivalent  likely  to 
be  greater  than  those  indicated  by  curve  12. 

Water-logging  in  the  centrifuge  test  is  characteristic  of  the 
mucks  containing  clay  and  colloids,  whereas  very  high  equiva- 
lents without  water-logging  are  characteristic  of  peat  not  more 
than  slightly  decomposed. 

NOMENCLATURE  AND  FORMULAS  LISTED 

The  equations  of  the  relationship  curves  1  to  13, 
inclusive,   and   the  basic  formulas   which  have  been 
developed  in  this  report  are  listed  below.    The  nomen- 
clature for  these  equations  is  as  follows: 
P.  I.  =  plasticity  index. 
L.  L.  =liquid  limit. 
S.  =shrinkage  limit. 
C.  M.  E.  =  centrifuge  moisture  equivalent. 
F.  M.  E.  =field  moisture  equivalent. 
e  =  voids  ratio. 

e0=voids  ratio  of  dry  sample. 
Vv  =  volume  of  voids. 
Vs  =  volume  of  soil  particles. 
V  =  volume  of  wet  soil  sample. 
V0  =  volume  of  dry  soil  sample. 
C0  =  volume  change,  percentage  of  V0. 
Cf=  volumetric  change,  from  F.  M.  E.,  percent- 
age of  V„. 
L.  S.  =lineal  shrinkage,  percentage  of  wet  length. 
Ma,  =  weight  of  moisture. 
W— weight  of  wet  sample. 
W0  =  weight  of  dry  sample. 
w  =  moisture  content,  percentage  of  W0. 
w„  =  moisture  content,  percentage  of  V,. 
G— specific  gravity  of  soil  particles. 
P  —  porosity. 

h  = height  of  capillary  rise  in  centimeters. 
r=radius  of  capillary  tube  in  centimeters. 
a  =  width  of  pores  in  centimeters. 
S.  F.  =  shrinkage  force  in  grams  per  square  centi- 
meter. 

EQUATIONS  OF  CURVES  FOR  SOIL  IDENTIFICATION  CHART 

Curve  I— P.  7.=0 
Curve  2.— P.  I,  =0.25  L.  L. 
L.L.-U 


Curve  3. —P.  L  = 
Curve  4.— P.  I.  - 


1.60 
L.  P. -14 


1.07 

1=21 

L.  P. +  86 


-l.i^/Z 


p.p. 

800 


Curve  7.— S= 


L.  P. +  26 


1.24 


Curve  8.—C.  M.  E. 


L.L.-U 
1.61 


Curve  9.— C.  M.  E.  =0.72  L.  L. 
L.L.-U 


Curve  10.— C.  M.  E.=- 


0.55 


Curve  11.— F.  M.E.  =Vl5.2(L.  Z.-16.3)  +  9 
Curve  12.—F.M.E.  =  L 

Curve  13.— P.  M.  E.= 


1.03 
L.L. -4: 

0.85 


Curve  6.— S- 


4.1 


BASIC  SOIL  FORMULAS 

>-\ « 

=m oo) 

P-jijXlOO---. (11) 

V—  V 
<7o  =  -^-°xl00 (2) 

*     0 

=  ^-°vl00 

l+e0 

Cf  =  {F.  M.  E.-S)  R (18) 

-?'fVg (19) 

6,+  100 

_  3/     100 

L.S.=    ~\CQ\+1Q0 (20) 

MW=W-W0 . (5) 

W  =  ^X100 (4) 

W-W 
w=     w      X10Q (6) 

w 

V~° (7) 

wv=wG (8) 

h  =  — (See  reference  (1).) 

S.F.  =  °-^ (14) 

a 

S=W-Z^-°X100 (15) 

100  6?- 100  R 

RG  

W 
P  =  -^ (16) 

100  G 

100  +  SG 
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SOIL  SAMPLES  ANALYZED  BY  GROUPS 

In  the  pages  which  follow  the  test  results  from  a  large 
number  of  soil  samples  are  tabulated  and  analyzed. 
With  the  aid  of  the  soil  identification  chart,  the  place 
of  each  soil  in  the  uniform  subgrade  classification  is 
determined.  From  this  procedure  the  reader  may  gain 
an  idea  of  how  identifications  of  this  sort  are  accom- 
plished in  practice. 

The  plastic  limit,  shrinkage  limit,  centrifuge  moisture 
equivalent,  and  field,  moisture  equivalent  of  a  number  of 
samples  from  each  subgrade  group  are  plotted  as  func- 
tions of  the  liquid  limit  on  the  soil  identification  chart, 
Figure  56,  in  order  that  the  comparative  relations  of  the 
constants  may  be  studied  in  reference  to  the  numbered 
curves  1  to  13. 

Group  A-l  and  Group  A-2  subgrades.— The  constants 
and  grading  of  samples  of  soil  containing  both  coarse 
andfine  materials  are  included  in  Tables  9  and  10, 
respectively. 

Sample  1,  which  represents  a  stable  soil  from  South 
Carolina,  satisfies  both  the  grading  and  the  constant 
requirements  of  the  Group  A-l  subgrade. 

Table  9. — Group  A-l  and  Group  A-2  subgrades,  coarse  fractions 
and  binders.  Constants  of  material  passing  the  No.  Ifi  sieve 
except  as  noted 


Sample  No. 

Liquid 
limit 

Plas- 
ticity 
index 

Shrinkage 

Moisture  equi- 
valent 

Limit 

Ratio 

Centri- 
fuge 

Field 

1. 

Per  cent 
17 
19 
20 
25 
26 
25 
31 
25 
28 
30 
49 
58 
24 
23 

Per  cent 
4 
6 
7 
7 
12 
5 
8 

Per  cent 
15 
17 
18 
21 
17 

1.9 
1.8 
1.8 
1.7 
1.8 

Per  cent 
13 
12 
13 
14 
24 
23 
21 
19 
16 
20 
27 
36 
5 
2 

Per  cent 
14 

2 

15 

3 

16 

4 

22 

5. _ 

19 

6 

23 

7.. 

22 

1.6 

23 

8. 

27 

9. 

13 
15 
29 
34 

22 
21 

1.7 
1.7 

10 

22 

9-B  i... 

10-B  i... 

9-C  >.... 

25 

10-C  2 

27 

1  Fraction  passing  No.  200  sieve. 

2  Fraction  passing  No.  40  sieve  and  retained  on  No.  200  sieve. 

Table  10. — Mechanical  analyses  of  Group  A-l  and  Group  A-  2 

subgrades 


Gravel 
particles 
larger 
than  2 
milli- 
meters 

Mortar 

Sample  No. 

Coarse 
sand  2.0 
to  0.25 
milli- 
meter 

Finesand 
0.25  to 

0.05  milli- 
meter 

Silt  0.05 
to  0.005 
milli- 
meter 

Clay 
below 
0.005  mil- 
limeter 

Colloids 
below 
0.001  mil- 
limeter 

Good  soil  mortar 

Per  cent 

Per  cent 
'45-60 
51 
37 
21 
26 
31 
1 
36 
45 
37 
53 

Per  cent 

Per  cent 

10-20 

16 

18 

6 

16 
18 

Per  cent 

5-10 

8 

12 

15 

13 

22 

7 

8 

10 

21 

23 

Per  cent 
3-5 
6 
5 

12 
9 

15 
5 
3 
4 

18 

20 

1 

10 
1 
1 
3 

66 
0 
8 
0 

50 

48 

25 
33 

58 
45 
29 

2__ 

3.. 

4.. 

5... 

6.. 

7.. 

8 

29 
39 
19 

16 
3 

5 

9 

10. 

1  Total  sand  70  to  85  per  cent. 

Sample  2,  which  was  obtained  from  a  soil  performing 
satisfactorily  as  fill  in  Escambia  Bay,  Fla.,  satisfies  the 
constants  but  not  the  grading  requirement  of  a  Group 
A-l  material. 


Its  low  centrifuge  moisture  equivalent  of  12  indicates 
that  the  slight  excess  of  clay  above  that  generally  indi- 
cating A-l  mortars  is  not  likely  to  prove  detrimental; 
and  since  the  coarse  sand  in  which  this  soil  is  deficient 
functions  primarily  to  furnish  the  hardness  required 
in  wearing  surfaces,  this  soil  would  probably  prove 
highly  stable  as  a  subgrade. 

The  same  is  true  for  both  sample  3,  which  was  taken 
from  a  soil  serving  as  a  road  surface  in  South  Caro- 
lina, and  sample  4,  which  was  taken  from  a  soil  moder- 
ately stable  when  used  as  an  untreated  road  surface 
in  Madison  County,  Va.,  and  highly  stable  when  cov- 
ered with  bituminous  surface  treatments.     (See  fig.  59.) 


Figure  59. — Surface-Treated  Road  of  Group  A-2  Ma- 
terial in  Madison  County,  Va. 

Sample  5,  obtained  from  gravel  used  as  road  surface 
in  Oklahoma;  sample  6,  from  soil  found  by  W.  H. 
Dumont,  of  the  United  States  Bureau  of  Fisheries,  to 
be  very  unstable  when  occurring  as  bottom  in  Deep 
Creek,  Ga. ;  and  sample  7,  from  soil  productive  of  frost 
heave  in  New  Hampshire,  fail  to  satisfy  either  the 
grading  or  the  subgrade  constant  requirements  of  the 
Group  A-l  material. 

Sample  8,  representing  the  Florida  limerocks,  satisfies 
the  grading  but  not  the  constant  requirements  of  the 
Group  A-l  subgrade. 

The  high  clay  content  of  sample  5  is  disclosed  by 
the  correspondingly  high  plasticity  index  of  12  and  the 
centrifuge  moisture  equivalent  of  24.  The  high  plas- 
ticity index  might  indicate  a  desirable  property,  but 
the  relatively  high  centrifuge  moisture  equivalent  sug- 
gests water  retentive  properties  not  productive  of 
stability.  This  detrimental  property  is  probably  off- 
set to  some  extent  by  the  fact  that  the  field  moisture 
equivalent  is  appreciably  less  than  the  centrifuge 
moisture  equivalent. 

The  high  silt  content  of  sample  7  has  produced  a 
relatively  high  centrifuge  moisture  equivalent  without 
raising  the  plasticity  index  in  corresponding  amount,  one 
of  the  characteristics  of  soils  productive  of  frost  heave. 

Special  attention  is  called  to  sample  6,  which,  when 
submerged  in  water,  has  the  properties  of  quicksand. 
This  fact  is  disclosed  by  the  nonuniform  grading,  which 
shows  that  the  sample  consists  of  87  per  cent  fine  sand, 
and  the  relatively  high  water-retentive  property.  The 
centrifuge  moisture  equivalent  of  this  sample,  contain- 
ing but  12  per  cent  of  particles  smaller  than  0.05  milli- 
meter in  diameter  is  practically  the  same  as  that  of 
sample  5,  which  contains  40  per  cent  of  particles 
smaller  than  0.05  millimeter  in  diameter,  and,  further- 
more, equals  the  field  moisture  equivalent  which,  in 
this  case,  can  be  assumed  to  indicate  the  amount  of 
water  required  to  fill  the  pores  of  the  soil  completely. 
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Sample  8  represents  the  nonplastic  variety  of  the 
shell  rocks.  Tests  performed  on  small  beams  of  this 
material  disclosed  that  when  thoroughly  dry  this 
variety  of  limerock  has  practically  no  cohesion.  Therefore, 
the  stability  of  this  material  when  used  as  a  road 
surface  must  be  due  to  the  cohesion  furnished  by 
capillary  pressure.  Figure  60  shows  how  limerock 
occurs  in  nature. 

ALTERNATE    METHOD    OF    INVESTIGATING    GRADED    MATERIALS 
DISCUSSED 

A  somewhat  elaborate  method  suggested  for  investi- 
gating the  properties  of  mixed  materials  consists  of 
testing  the  mixture  as  such  and  also  testing  separately 
both  the  nonexpansive  and  expansive  soils  of  which 
it  is  composed,  and  thus  investigating  soil  mixtures 
in  a  manner  similar  to  that  employed  when  investiga- 
ting bituminous  mixes,  concrete,  or  other  materials 
consisting  of  a  binder  and  an  aggregate. 

A  procedure  of  this  kind  includes  (a)  the  determina- 
tion of  the  relative  resistance  furnished  b}7  the  soil 
mortar  to  water  absorption  by  means  of  slaking  tests; 
(b)  the  determination  of  the  relative  strength  of 
the  mortar  when  dried,  by  means  of  a  crushing  or 
impact  test;  (c)  the  determination  of  the  grading  of 
the  soil  mortar  by  means  of  the  combined  sieve  and 
hydrometer  method;  (d)  the  determination  of  both  the 
plastic  and  shrinkage  properties  of  that  fraction  of  the 
material  passing  the  No.  200  (0.074  millimeter)  sieve 
by  means  of  the  test  constants;  and  (e)  the  deter- 
mination of  the  character  of  that  fraction  of  the  sample 
retained  on  the  No.  200  sieve  according  to  the  procedure 
employed  in  identifying  the  characteristics  of  Group 
A-3  subgrades  discussed  subsequently. 

Samples  9  and  10,  Tables  9  and  10,  representing, 
respectively,  a  stable  and  an  unstable  soil  in  South 
Carolina,  serve  to  illustrate  how  coarse  and  fine  ma- 
terials may  be  investigated  separately. 

Table  10,  for  instance,  discloses  that  sample  9,  com- 
pared with  the  average  good  soil,  contains  an  excess 
of  clay  and  fine  sand  and  is  deficient  in  silt  and 
coarse  sand.  Sample  10,  compared  with  sample  9, 
contains  a  greater  amount  of  coarse  and  a  less  amount 
of  fine  sand. 

The  binders  of  the  two  samples,  9-B  and  10-B, 
Table  9,  are  similar  in  character,  although  the  con- 
stants of  10-B  are  higher  than  those  of  9-B.  Both, 
however,  have  plasticity  indices  greater  than  that  of 
kaolin  (greater  than  thai  indicated  by  curve  3),  com- 
bined with  relatively  low  water  retentive  properties 
(curve  9).  This  indicates  open-structure  clays  unlikely 
to  shrink  or  expand  in  appreciable  amount. 

The  constants  of  the  sand  fractions  9-C  and  10-C, 
Table  9,  are  not  radically  different.  Sample  9-C,  how- 
ever, which  contains  the  greater  amount  of  fine  sand, 
has  the  higher  centrifuge  moisture  equivalent.  The 
liquid  limit  of  sample  9-C  is  practically  equal  to  the 
amount  of  water  (field  moisture  equivalent)  required  to 
saturate  the  sample  completely,  whereas  the  liquid  limit 
of  sample  10-C  is  reached  at  a  moisture  content  slightly 
below  that  required  to  saturate  the  soil  completely. 

From  these  evidences  it  would  seem  that  the  excellent 
quality  of  the  binder  primarily  accounts  for  the  fact 
that  the  soil  represented  by  sample  9  can  contain  so 
large  a  clay  content  and  yet  remain  stable. 

That  the  same  high  clay  content  proved  detrimental 
to  the  soil  represented  by  sample  10  may  be  explained 
by  the  fact  that,  because  of  difference  in  grading,  the 
surface  area  of  the  grains  in  the  sand  sample  9  may 


.'  '".'.  ■'■"B'MgS^Egr 


Figure  60. — Examples  of  Shell  Rock  in  Natural  Lo- 
cation: A,  Chalky  Limerock  of  the  Ocala,  Fla.,  Region. 
B,  Cochina  Rock  Near  Ormond  Beach,  Fla.  C,  Ogus 
Rock,  Lower  East  Coast  of  Florida 

exceed  by  more  than  40  per  cent  that  of  the  grains  in 
the  sand  fraction  sample  10.  Therefore,  if  the  colloidal 
material,  approximately  the  same  in  both  samples,  can 
be  considered  as  a  glue  which  coats  the  surfaces  of  the 
sand  grains,  sample  9,  with  the  larger  surface  area,  will 
cause  the  glue  to  be  distributed  in  films  thinner  than 
those  in  sample  10.  For  this  reason  the  quantity 
of  glue  (colloidal  material)  which  causes  the  films  to  be 
excessively  thick  in  sample  10  may  not  prove  detri- 
mental to  sample  9. 

Group  AS  subgrades. — The  samples  included  in 
Tables  11  and  12  satisfy  in  both  grading  and  constants 
the  requirements  of  the  cohesionlesssand  subgrades 
which  provide  good  drainage  and  which  do  not  have 
the  tendency  to  heave  under  frost  action. 
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Table  11. — Group  AS  subgrades-;    Constants  of  material  passing 
the  No.  40  sieve 


Liquid 
limit 

Plasticity 
index 

Shrinkage 

Moisture  equivalent 

Sample  No. 

Limit 

Ratio 

Centri- 
fuge 

Field 

1.. 

Per  cent 
11 
20 
19 
20 
22 
36 

Per  cent 
0 
0 
0 
0 
0 
0 

Per  cent 

Per  cent 
5 
4 
3 
3 
4 
6 

Per  cent 
16 

2 

25 

3 

17 

4_ 

21 

5 

21 

6 

30 

Table  12. — Mechanical  analyses  of  Group  AS  subgrades 


Sample  No. 

Gravel 
particles 

larger 

than  2.0 

milimeters 

Coarse 

sand 

2.0  to 

0.25 

milimeter 

Fine 

sand 

0.25  to 

0.05 

milimeter 

Silt 

0.05  to 

0.005 

milimeter 

Clay 

below 

0.005 

milimiter 

Colloids 

below 

0.001 

milimeter 

1 

Per  cent 
0 
0 
0 
0 

Per  cent 
74 
25 
20 
41 

Per  cent 
18 
72 
78 
56 

Per  cent 
3 

1 
1 
2 

Per  cent 
5 
2 
1 
1 

Per  cent 
3 

3.. 

1 

4 

5.. 

0 
0 

Figure  61. — Three-inch  Grouted  Brick  Road  Con- 
structed about  1916  on  Group  A-3  Subgrade  in  Florida. 
Still  in  Service.  Concrete  Shoulders  Constructed 
in  1921 

Sample  1  was  obtained  from  a  Florida  sand  which 
serves  excellently  as  subgrade,  when  prevented  from 
flowing  laterally,  for  relatively  thin  road  surfaces. 
(See  figs.  61  and  62.)  Sample  2  represents  that  fraction 
of  Potomac  River  sand  passing  the  No.  20  and  retained 
on  the  No.  100  sieve.  Sample  3  was  obtained  from  a 
California  sand  which  serves  excellently  as  a  subgrade 
for  concrete  pavements  4%  inches  thick  {23).  Sample 
4  was  taken  from  a  Minnesota  sand  which  becomes 
highly  stable  when  treated  with  bituminous  materials 
possessing  penetrative  properties  in  high  degree,  and 
covered  with  a  thin  application  of  granular  material. 
Sample  5  is  a  New  Hampshire  sand  which  furnishes 
excellent  support  when  treated  in  a  manner  similar  to 
that  described  for  sample  4.  Sample  6  represents 
that  fraction  of  crushed  diabase  passing  the  No.  20 
and  retained  on  the  No.  100  sieve. 

According  to  the  significance  of  the  relation  existing 
between  the  liquid  limits  and  the  centrifuge  moisture 
equivalents  of  these  soils,  the  soils  represented  by  sam- 
ple 1  would  be  expected  to  have  very  low  stability  and 
those  represented  by  sample  6  would  be  expected  to 
have  very  high  stability  in  the  presence  of  water. 

Additional  information  on  the  character  thees  of  soils 
is  furnished  by  the  relation  between  the  liquid  limit 


and  the  field  moisture  equivalent.  Assuming  that  the 
field  moisture  equivalents  of  sand  equal  the  amounts  of 
water  required  to  fill  the  pores  of  the  sands  completely 
when  compressed  by  a  very  small  but  constant  pressure, 
the  glacial  sands  represented  by  samples  4  and  5,  Table 
11,  are  likely  to  flow  when  completely  saturated  (full 
hydrostatic  uplift).  The  beach  and  river  sands  of 
samples  1  and  2  will  flow  when  the  grains  are  lubricated, 
rather  than  as  a  result  of  full  hydrostatic  uplift.  The 
angular  fragments  of  sample  6  require  water  in  amounts 
greater  than  the  field  moisture  equivalent  to  cause  flow. 


Figure  62. — Surface  Treated  Limerock  Road  Six  Inches 
Thick  in  Florida 

The  fact  that  the  liquid  limit  is  greater  than  the  field 
moisture  equivalent  indicates  that,  in  order  to  flow,  the 
angular  particles  must  exist  in  a  state  looser  than  that 
represented  by  the  field  moisture  equivalent.  It 
appears  from  these  facts  that  sample  1,  when  in  the 
presence  of  water,  is  likely  to  be  the  least,  and  sample  6 
the  most  stable  of  the  sands  listed  in  Tables  11  and  12. 

Group  A~4,  subgrades. — Samples  1  to  9,  inclusive, 
Tables  13  and  14,  have  constants  indicative  of  those 
soils  which  have  the  tendency  to  heave  under  frost 
action  and  to  lose  stability  as  a  result  of  water  absorp- 
tion even  when  not  manipulated. 

Samples  1  and  2  were  made  up,  respectively,  from 
commercial  rotten  stone  and  chalk.  Although  these 
materials  are  not  natural  soils  they  have  the  properties 
common  to  the  A-4  subgrades.  Sample  3  was  composed 
of  marl  from  Florida.  Marl  when  kept  dry  and  not 
subjected  to  frost  action  serves  excellently  as  base 
course  material.  Samples  4  and  5  were  obtained  from 
New  Hampshire  silts  which  have  been  observed  to 
heave  in  detrimental  amounts  under  frost  action. 
Sample  6  was  obtained  from  a  silt  found  in  Missouri. 
Pavements  laid  on  this  soil  have  been  observed  to 
crack  in  appreciable  amount.  Samples  7  and  8  repre- 
sent soils  in  the  Minnesota  frost-boil  area  which  heave 
under  frost  and  lose  stability  during  the  spring  thaws. 
(See  fig.  63.)  Sample  9  was  composed  of  lithopone, 
which  has  been  found  by  Prof.  Stephen  Taber  to  suffer 
important  frost  heave. 

In  grading  this  soil  should  belong  to  the  highly 
colloidal  clays  of  either  Group  A-6  or  A-7.  The  plas- 
ticity index  of  15  compared  with  the  liquid  limit  of  34 
is  slightly  higher  than  those  designating  the  A-4 
subgrades.  The  relatively  high  shrinkage  limit  and 
low  field  moisture  equivalent,  indicating  that  this 
material  is  unlikely  to  shrink  in  appreciable  amount, 
suggests  the  performance  of  silt  instead  of  clay.    Com- 
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Table  13. — Group  A~4  subgrades;  constants  of  material  passing 
the  No.  40  sieve 


Sample  No. 

Liquid 
limit 

Plasticity 
index 

Shrinkage 

Moisture  equiva- 
lent 

Limit 

Ratio 

Centri- 
fuge 

Field 

1 

Per  cent 
32 
29 
38 
25 
27 
32 
38 
32 
34 

Per  cent 
11 
6 
12 
0 
0 
10 
13 
14 
15 

Per  cent 
22 
28 
24 
25 
27 
24 
22 
22 
22 

1.7 
1.5 
1.6 
1.6 

1.6 
1.7 
1.6 
1.7 
2.0 

Per  cent 
i  39 
34 
37 
19 
23 
29 
35 
33 
29 

Per  cent 
24 

2.. 

26 

3     

30 

4 

24 

27 

6 

28 

7 

30 

8.. _ 

27 

9 

22 

i  Water-logged. 
Table  14. 


-Mechanical  analyses  of  Group  A— 4  subgrades 


Sample  No. 

Gravel 

particles 
larger 

than  2.0 
milli- 
meters 

Coarse 
sand  2.0 
to  0.25 
milli- 
meters 

Fine 
sand  0.25 
to  0.05 
milli- 
meter 

Silt  0.05 
to  0.005 
milli- 
meter 

Clay 
below 
0.005  mil- 
limeter 

Colloids 
below 

0.001  mil- 
limeter 

1          _. 

Per  cent 
0 
0 
1 
0 
0 
1 
1 
0 

Per  cent 
0 
0 
14 
13 
5 
7 
9 
0 

Per  cent 
7 
13 
34 
21 
10 
20 
26 
2 

Per  cent 
57 
37 
28 
42 
58 
52 
46 
3 

Per  cent 
36 
50 
24 
24 
27 
21 
19 
95 

Per  cent 
17 

2             

3 

4 

1 

5 

2 

6 

12 

7     .              

4 

8.. 

4 

9.. 

67 

parison  of  the  constants  of  this  material  with  those  of 
statistical  soils  also  discloses  its  inactivity. 

A  statistical  soil,  for  iostance,  containing  95  per  cent 
clay  has  a  liquid  limit  of  132,  a  plasticity  index  of  74, 
a  shrinkage  limit  of  10,  a  centrifuge  moisture  equivalent 
of  95,  and  a  field  moisture  equivalent  of  51.  Thus, 
lithopone,  irrespective  of  its  grading,  has  relatively 
very  low  cohesive  properties,  and  this  fact,  combined 
with  its  negligible  shrinkage  properties  and  a  liquid 
limit  smaller  than  40,  causes  lithopone  to  be  grouped 
with  the  silts. 

Group  A-5  subgrades. — The  constants  and  the  grad- 
ing characteristic  of  Group  A-5  material  are  shown  in 
Tables  15  and  16.  In  grading,  these  samples  contain 
either  clay  or  silt  in  dominating  amounts.  Only  one 
sample  has  a  liquid  limit  smaller  than  35;  all  samples 
have  plasticity  indices  smaller  than  those  indicated  by 
curve  3  and  all  but  two  samples  have  shrinkage  limits 
equal  to  or  greater  than  30.  The  four  samples  whose 
shrinkage  limits  are  not  given  have  values  of  this 
quantity  higher  than  the  liquid  limit. 

Samples  1,  2,  and  3  were  made,  respectively,  from 
commercial  hydrated  lime,  pumice,  and  talc.  Samples 
4  and  5  were  made  from  barium  sulphate  and  reground 
quartz,  respectively.  Professor  Taber  found  the  former 
to  heave  very  appreciably  and  the  latter  to  heave  but 
very  little  as  a  result  of  frost,  in  experiments  performed 
in  the  laboratory.  Samples  6  and  7  were  composed  of 
silt  found  in  St.  Peter,  Minn.,  which,  according  to  F. 
C.  Lang,  heaved  several  feet  during  the  winter  of  1928- 
29.  Samples  8  and  9  were  obtained  from  New  Hamp- 
shire silts  which  have  been  found  by  W.  F.  Purrington 
to  heave  in  appreciable  amount  under  frost  action. 
Samples  10  and  11  were  made  up  from  Oregon  silts 
which  have  been  observed  by  R.  H.  Baldock  to  suffer 
important  frost  heave. 

In  grading,  samples  6,  7,  and  8,  which  are  comparable 
to  barium  sulphate  (sample  4),  contain  clay  in  dominat- 
ing amount.     Samples  9,  10,  and  11,  which  are  com- 


Figure   63.- — Typical  Frost  Boil  Caused   by  Lack   of 
Stability  in  Soil 

Table  15. — Group  A-5  subgrades;  constants  of  material  passing 
the  No.  40  sieve 


Liquid 
limit 

Plasticity 
index 

Shrinkage 

Moisture  equivalent 

Sample  Xo. 

Limit 

Ratio 

Centri- 
fuge 

Field 

1 

Per  cent 
67 
58 
43 
50 
47 
37 
36 
45 
37 
40 
43 
81 
119 
49 
34 

Per  cent 
0 
0 
17 
11 
0 
8 
9 
18 
11 
8 
9 
19 
42 
0 
12 

Per  cent 

Per  cent 
84 
36 
48 
"64 
22 
'51 
a40 
54 
41 
36 
38 
89 
94 
34 
25 

Per  cent 
69 

2 

62 

3 

41 

1.3 

36 

4 _ 

45 

5 

28 

6 .   . 

30 
28 
37 
33 
33 
37 
60 
94 
42 
26 

1.5 
1.5 
1.4 
1.5 
1.3 
1.3 
0.9 
0.7 
1.2 
1.5 

32 

7 

31 

8 _ 

37 

9 

35 

10 

37 

11 

41 

12 

87 

13 

107 

14 

44 

15 

30 

1  Tendency  to  waterlog.  2  Waterlogged. 

Table    16. — Mechanical  analyses  of  Group  A-5  subgrades 


Sample  No. 

G  ravel 
particles 

larger 
than  2.0 
milli- 
meter 

Coarse 
sand  2.0 
to  0.25 
milli- 
meter 

Fine  sand 
0.25  to 

0.05  mil- 
limeter 

Silt  0.05 
to  0.005 
milli- 
meter 

Clay  be- 
low 0.005 
milli- 
meter 

Colloids 
below 

0.001  mil- 
limeter 

1 

Per  cent 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
3 
0 
0 

Per  cent 
1 
0 
0 
0 
0 
2 
0 
1 
1 
I) 
6 
0 
0 

Per  cent 

7 

10 

9 

1 

8 

5 

14 

6 

5 

23 

27 

29 

40 

Per  cent 
86 
78 
74 
6 
78 
16 
27 
32 
60 
57 
60 
42 
28 

Per  cent 
(') 
12 
17 
93 
14 
77 
59 
61 
24 
14 
7 
29 
32 

Per  cent 
(') 

2 

8 

3 

7 

4 

26 

5 .   .-. 

4 

6 

17 

40 

8 

8 

9 

2 

10 

0 

11 

0 

12 

12 

13 

9 

1  Flocculated. 


parable  to  reground  quartz  (sample  5),  contain  silt  in 
dominating  amounts.  Sample  9  contains  mica,  while 
samples  10  and  11  contain  an  appreciable  amount 
of  organic  matter. 

The  soils  represented  by  samples  6  to  11,  inclusive, 
in  addition  to  appreciable  frost  heaving,  are  likely  to 
lose  stability  during  thaws.  In  addition,  these  soils 
are  capable  of  raising  water  in  detrimental  amounts 
through  great  heights  during  frost  action. 

Samples  12  and  13  were  obtained  from  Maryland 
soils  containing  diatoms  in  appreciable  amount.  Soils 
of  this  character,  especially  when  their  shrinkage  limits 
are  equal  to  or  greater  than  50,  are  almost  sure  to 
produce  pavement  failure  because  of  their  high  porosity. 
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With  a  specific  gravity  of  2.0,  for  instance,  and  a 
shrinkage  limit  equal  to  50,  these  soils  in  their  dried 
state  have  voids  in  amount  equal  to  the  volume  occu- 
pied by  the  soil  particles.  Figure  64  shows  a  dried 
pat  of  sample  13  floating  on  the  surface  of  water. 

Samples  14  and  15  were  taken  from  micaceous  soils 
in  Maryland.  These  samples  are  representative  of  the 
elastic  subgrades  which  are  productive  of  the  early 
cracking  in  concrete  pavements  illustrated  in  Figure 
15,  A,  Part  I,  of  this  report. 


subgrades.  Sample  1  was  obtained  from  a  colloidal  clay 
soil  which  has  proved  troublesome  because  of  sliding 
in  a  cut  in  Missouri,  and  sample  2  from  a  colloidal  clay 
soil  which  has  caused  similar  difficulties  when  used  for 
fill  material,  in  the  same  State.  Samples  3  and  4  were 
composed  of  colloidal  clays  furnished  by  a  survey  of 
the  soil  existing  under  the  Potomac  River  at  Wash- 
ington, D.  C.  These  soils  were  considered  unfit  for 
use  as  hydraulic  fill  material.  Sample  5  represents  a 
very  highly  colloidal  clay  sod  productive  of  landslides 
in  Virginia.  This  soil  contains  about  30  per  cent  of 
material  so  fine  that  it  remains  in  suspension  for  weeks. 
If  located  on  an  impervious  undersoil,  this  soil  when 
in  a  soft  condition  acts  as  a  lubricant  facilitating 
the  sliding  of  the  upper  soil  layers.  (See  Fig.  65.) 
Sample  6  was  obtained  from  a  colloidal  soil  from  Texas, 
and  sample  7,  when  occurring  as  subgrade,  produced 
failure  in  a  limerock  base  course  being  constructed  on 
a  road  north  of  Gainesville,  Fla. 

Table  17. — Group  A-6  subgrades;  constants  of  material  passing 
the  No.  40  sieve 


Liquid 
limit 

Plas- 
ticity 
index 

Shrinkage 

Moisture  equivalent 

Sample  No. 

Limit 

Ratio 

Centri- 
fuge 

Field 

1... 

Per  cent 
51 
55 
58 
57 
132 
75 
50 

Per  cent 
31 
3fi 
40 
40 
101 
49 
32 

Per  cent 
13 
13 
12 
12 
11 
11 
18 

1.9 
1.9 
1.9 
1.9 
1.9 
2.0 
1.7 

Per  cent 
1  56 
"  55 
'45 
145 
1  178 
'90 
35 

Per  cent 
34 

2 

36 

3 

28 

4 

28 

5 

33 

6.-. 

30 

7... 

30 

Figure  64. — Dried  Pat  of  Diatomaceous  Earth  (Sample 
13,  Table  15)  Floating  in  Water  after  Being  Coated 
with  Shellac.  Apparent  Specific  Gravity  Less  Than 
One 


1  Waterlogged. 
Table    18. — Mechanical  analyses   of  Group  A-6  subgrades 


Sample  No. 

O  ravel- 
particles 
larger 
than  2.0 
milli- 
meters 

Coarse 
sand 
2.0  to  0.25 
milli- 
meters 

Fine 
sand 
0.25  to 
0.05 
milli- 
meters 

Silt  0.05 
to  0.005 
milli- 
meters 

Clay 
below 
0.005 
milli- 
meters 

Colloids 
below 
0.001 
milli- 
meters 

1 

Per  cent 
0 
(i 
0 
16 
0 
0 
0 

Per  cent 
0 
0 

19 
25 
3 
3 

28 

Per  cent 
1 

11 
30 
12 
3 
20 
32 

Per  cent 

52 
57 
11 
30 
6 
29 
17 

Per  cent 
40 
32 
50 
43 
88 
48 
23 

Per  cent 
15 

2 

3.. 

4 __. 

5... 

16 
24 
27 

78 

6 

21 

10 

A  comparison  of  Tables  14  and  16  shows  that  it 
would  be  impossible  to  distinguish  Group  A-4  from 
Group  A-5  subgrades  on  the  basis  of  the  mechanical 
analyses  alone.  The  difference  in  the  constants 
(Tables  13  and  15),  however,  indicates  a  difference  in 
the  characteristics  of  the  soils.  The  higher  liquid 
limits  combined  with  the  high  shrinkage  limits  and 
field    moisture    equivalents    differentiate    those    soils 

possessing  elasticity  (Group  A-5)  from  those  which  are  The  relatively  large  plasticity  indices  and  the  rela- 

compressible  (Group  A-4).  lively  small  shrinkage  limits  and  field  moisture  equiva- 

Samples  4  and  7,  according  to  the  mechanical  analy-  lents,  combined  with  waterlogging  in  the  centrifuge  test, 
ses,  contain  colloids  in  amount  sufficient  to  produce  identify  samples  1  to  6,  inclusive,  as  containing  clay 
high  plasticity  and  shrinkage  properties  in  appreciable  highly  active  in  character.  This  is  emphasized  by  the 
amount,  were  the  colloids  active.  These  soils,  however,  mechanical  analyses,  which  disclose  that  only  one  of 
according  to  their  constants  shown  in  Table  15,  have  the  six  samples  contain  more  than  50  per  cent  of  clay, 
low  plasticity  and  negligible  shrinkage  properties  and,  Sample  7,  on  the  basis  of  its  grading  and  its  shrink- 
consequently,  should  be  grouped  with  the  A-5  instead  age  limit  would  be  classed  an  A-2  subgrade.  Its 
of  the  A-7  subgrades.  volumetric    change    of    20.4    ((30- 18)  X  1.7)    and    its 

It  is  interesting  to  note  that  two  soils  (samples  7  and  plasticity  index  of  32  for  a  combined  clay  and  sdt 
9)  which  are  likely  to  heave  in  appreciable  amount  have  content  not  larger  than  40  definitely  place  this  sod 
similar  constants  in  spite  of  the  fact  that  sample  7  with  the  colloidal  clays.  The  clay  contained  in  this 
contains  40  per  cent  of  particles  of  colloidal  size  and  sample  was  similar  in  stickiness  to  chewing  gum. 
59  per  cent  of  clay,  whereas  sample  9  contains  but  This  clay  is  the  only  subgrade  material  found  thus  far 
2  per  cent  of  colloidal  particles  and  24  per  cent  of  clay,  in  the  subgrade  investigations  which  has  an  activity 
This  is  further  evidence  that  grain  size  alone  does  not  practically  equal  to  that  of  bentonite.  It  is  interest- 
control  the  performance  of  subgrade  soils.  ing  to  note  that  the  plasticity  index  of  this  sample, 

Grouj>    A-6    subgrades. — The    samples    included    in  which  contains  but  23  per  cent  of  clay,  is  more  than 

Tables   17   and    18   illustrate    the    constants   and    the  double  that  of  lithopone,  which  contains  95  per  cent 

grading  characteristic  of  the  nonelastic  colloidal  clay  of  clay. 
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The  presence  of  gluey  colloids  generally  serves  to 
protect  the  Group  A-6  subgrades  from  detrimental  frost 
heaving.  These  soils  are  likely  to  contain  relatively 
large  amounts  of  the  unfreezable  water  productive  of 
frost  heave.  The  rate  at  which  capillary  moisture 
moves  through  them,  however,  is  so  slow  that  detri- 
mental heave  will  probably  not  occur  unless  well-defined 
seepage  planes  furnish  the  necessary  moisture  at  the 
required  rate. 

Group  A-7  subgrades.- — The  samples  contained  in 
Tables  19  and  20  illustrate  the  grading  and  the  con- 
stants characteristic  of  those  clay  subgrades  which  are 
likely  to  be  elastic  under  certain  prevalent  conditions. 
Sample  1,  furnished  by  F.  V.  Reagel,  was  taken  from 
an  expansive  clay  on  which  a  concrete  pavement  in 
Missouri  cracked  in  appreciable  amount  during  the 
setting  period  of  the  concrete.  Sample  2,  furnished  by 
W.  C.  McKnown,  was  obtained  from  an  expansive  clay 
in  Kansas  on  which  similar  cracking  occurred  in  a 
concrete  pavement.  Sample  3,  furnished  by  W.  D. 
Ross,  was  obtained  from  an  expansive  clay  in  Colorado 
on  which  similar  cracking  occurred  in  the  pavement. 

Table  19. — Group  A-7  subgrades;  constants  of  material  passing 
the  No.  40  sieve 


Liquid 
limit 

Plasticity 
index 

Shrii 

kage 

Moisture  equivalent 

Sample  No. 

Limit 

Ratio 

Centri- 
fuge 

Field 

1 

Per  cent 
".1 
39 
42 
71 
63 
89 
67 
68 
112 
100 
83 

Per  cent 
29 
20 
24 
42 
38 
54 
37 
42 
82 
68 
53 

Per  cent 
17 
15 
14 
14 
17 
31 
20 
12 
9 
11 
13 

1.7 
1.9 
1.9 
1.8 
1.8 
1.9 
1.7 
2.0 
2.0 
2.0 
1.9 

Per  cent 

36 

28 

35 

1  69 

1  60 

2  78 
M6 
1  67 
116 

'  132 
l  72 

Per  cent 
39 

2       

27 

3  

34 

4 

43 

5   

46 

6   

46 

7   

39 

8 

47 

9     

52 

10 

63 

11    . 

64 

i  Waterlogged.  2  Tendency  to  waterlog. 

Table  20. — Mechanical  analyses  of  Group  A-7  subgrades 


Sample  No. 

Gravel 
particles 
larger 
than  2.0 
milli- 
meters 

Coarse 
sand  2.0 
to  0.25 
milli- 
meters 

Fine  sand 
0.25  to 

0.05  milli- 
meter 

Silt  0.05 
to  0.005 
milli- 
meter 

I  'lay 
below 

0.005 
milli- 
meter 

Colloids 
below 
0.001 
milli- 
meter 

1 

Per  cent 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Per  cent 
0 
1 
2 
2 
1 
0 
0 
3 
0 
1 
1 

Per  cent 
7 

14 
5 
9 

13 
2 
5 
8 
4 
9 

14 

Per  cent 
55 
52 
45 
43 
43 
6 
23 
35 
15 
54 
28 

Per  cent 
38 
33 

48 
46 
43 
92 
72 
54 
81 
36 
57 

Per  cent 
24 

2  

16 

3   

21 

4   _ 

22 

5    

24 

6   

78 

7 

29 

8_ 

27 

9__ 

10 

18 
16 

11 _. 

21 

These  three  soils,  it  will  be  noted,  are  similar  in 
several  respects.  They  all  contain  approximately  50 
per  cent  of  silt;  the  plasticity  indices  of  the  three  soils 
bear  similar  relationships  to  their  liquid  limits,  being 
slightly  less  than  those  represented  by  curve  4;  the 
centrifuge  moisture  equivalents  of  all  three  soils  are 
relatively  small,  being  approximately  equal  to  those 
represented  by  curve  9;  and  the  field  moisture  equiv- 
alents are  either  approximately  equal  to  or  greater 
than  the  centrifuge  moisture  equivalents.  It  will  be 
recalled  that  the  micaceous  silts  of  the  Group  A-5 
subgrade,  on  which  cracking  occurred  during  the  early 


age  of  the  concrete,  also  have  field  moisture  equiv- 
alents generally  larger  than  the  centrifuge  moisture 
equivalents. 

Samples  4  and  5  were  composed  of  gumbos  from  the 
Red  River  Valley,  Minn.,  which  do  not  suffer  detri- 
mental frost  heave  and  which  are  stabilized  when  oil- 
treated  and  covered  with  granular  material. 


ORIGINAL    SLOPE    LINE  OF  FILL 


WET    ANO  GREASY 
CLAY    LAYER 
SAMPLE     5 
TABLE      17 


IMPERVIOUS   UNDER  CLAY 


Figure  65. — Diagram  Illustrating  Landslide  Caused 
by  Presence  of  Highly  Colloidal  Clay  Such  as 
Sample  5,  Table  17 

Sample  6  was  composed  of  kadox,  which,  according 
to  laboratory  experiments  performed  by  Professor 
Taber  {21+),  is  productive  of  important  frost  heave. 
Except  for  low  colloidal  activity  and  high  shrinkage 
limit  this  material  seems  to  be  a  normal  A-7  subgrade. 
The  shrinkage  limit  of  31,  however,  is  approximately 
equal  to  those  of  the  Group  A-5  silts  of  New  Hampshire 
(samples  8  and  9,  Table  15)  in  which  detrimental  heave 
due  to  frost  is  likely  to  occur. 

The  relative  activity  of  the  colloids  in  the  two 
samples,  5  and  6,  is  disclosed  when  their  constants  are 
expressed  as  decimals  of  those  characteristic  of  the 
average  or  statistical  soils.  Thus  the  plasticity  index  of 
sample  5  is  1.31  times  that  of  an  "average"  soil  con- 
taining 43  per  cent  of  clay,  and  the  plasticity  index 
of  sample  6  is  only  0.76  times  that  of  an  "average" 
soil  containing  92  per  cent  clay.  Kadox,  therefore, 
possesses  both  the  relatively  inactive  colloids  and  the 
high  porosity  productive  of  frost  heave. 

Sample  7,  obtained  from  a  soil  in  Michigan  similar  to 
sample  6,  has  a  relatively  low  plasticity  index,  only 
0.69  times  that  of  an  "average"  soil  containing  72  per 
cent  clay;  and  also  a  relatively  high  shrinkage  limit, 
1.82  times  that  possessed  by  the  average  soil  referred  to. 
This  soil  has  been  observed  to  have  detrimental  elastic- 
ity in  dry  weather.  Increasing  the  moisture  content 
of  the  soil,  however,  causes  a  decrease  in  its  elasticity. 
This  is  true  also  for  certain  varieties  of  the  micaceous 
silts. 

This  soil  displays  the  properties  indicative  of  frost 
heave.  The  current  surveys,  however,  have  not  yet 
disclosed  whether  or  not  such  heave  occurs. 

Sample  8  was  obtained  from  a  soil  which  became 
exceedingly  troublesome  because  of  sliding  when  used 
in  a  high  fill  in  Missouri.  The  organic  matter  which 
causes  this  soil  to  be  placed  in  the  A-7  group  has  decom- 
posed to  such  an  extent  that  its  presence  is  disclosed 
only  by  the  relatively  large  field  moisture  equivalent. 
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Sample  9  represents  a  flocculated,  highly  colloidal 
soil  from  Mississippi.  Only  the  absence  of  water- 
logging with  a  centrifuge  moisture  equivalent  as  large 
as  116  prevents  this  soil  from  being  grouped  with  the 
A-6  subgrades.  This  soil,  which  contains  both  lime 
and  gypsum,  supports  concrete  slabs  which  have  warped 
in  detrimental  amounts.  Soil  of  this  character  can  not 
be  used  efficiently  in  fills  and  in  cuts  it  should  be 
separated  from  concrete  pavements  by  a  good  topsoil 
base  course  at  least  2  feet  thick. 

Sample  10  was  made  up  from  a  Texas  black  waxy  soil. 
Its  high  field  moisture  equivalent  causes  it  to  be  grouped 
with  the  A-7  subgrades.  Sample  11  is  another  soil  of 
the  gumbo  type  which  proved  troublesome  when  used 
in  fills  in  Arkansas. 


Figure  66. — Dry  Land  Fill  Constructed  on  Group  A-8 

SUBGRADE  IN  VIRGINIA 

Group  A-8  subgrades. — Constants  of  representatives 
•of  the  soft  peats  and  mucks  are  contained  in  Table  21. 
The  grading  of  these  materials  is  not  significant. 

Table  21. — Group  A-8  subgrades;  Constants  of  material  passing 
the  No.  4-0  sieve 


Liquid 
limit 

Plasticity 
index 

Shrinkage 

Moisture  equivalent 

Sample  No. 

Limit 

Ratio 

Centri- 
fuge 

Field 

1__ 

Per  cent 
61 
62 
59 
265 
445 

Per  cent 

22 

26 

19 

0 

0 

Per  cent 
33 
38 
31 
141 
187 

1.4 
1.4 

1.4 
0.5 
0.3 

Per  cent 
I  62 

1  5C 
68 
263 

395 

Per  cent 
51 

2- 

47 

3.. 

51 

4 

265 

5 

440 

'Waterlogged. 

Samples  1  and  2  were  obtained  from  Potomac  River 
bottom  muck  which  failed  to  support  hydraulic  fills 
without  displacing  laterally.  The  high  shrinkage  limits 
and  high  field  moisture  equivalents  indicate  the  presence 
of  partly  decomposed  organic  matter.  The  relatively 
high  plasticity  indices  and  the  water  logging  in  the  cen- 
trifuge test  disclose  the  presence  of  clay  or  colloidal 
organic  matter  which  in  combination  with  the  partly 
decomposed  organic  matter  comprises  muck.  Sam- 
ple 3  was  obtained  from  Minnesota  muck,  which  has  a 
tendency  to  displace  laterally  when  supporting  fills. 
The  presence  of  sand  in  this  material  may  account  for  the 
absence  of  water  logging  in  the  centrifuge  test.     Sam- 


ple 4  was  composed  of  a  peat  which  failed  to  support  a 
dry  land  fill  in  Virginia  (fig.  66)  and  sample  5  from  a 
peat  which  has  proved  inadequate  to  support  fills  in 
Minnesota. 

Samples  4  and  5  illustrate  the  very  high  water- 
absorptive  properties  characteristic  of  the  peat  soils 
which  have  not  yet  reached  the  colloidal  state  by  decom- 
position. That  these  two  soils  have  not  yet  reached 
this  state  is  indicated  by  the  fact  that  their  plasticity 
indices  are  equal  to  zero  and  by  the  absence  of  water 
logging  in  the  centrifuge  test. 

CONCLUSIONS  SUMMARIZED 

The  foregoing  discussion  serves  to  emphasize  that 
relatively  few  and  comparatively  simple  laboratory 
tests  may  serve  to  identify  fairly  accurately  the  impor- 
tant characteristics  of  subgrade  soils.  Consequently 
these  tests  may  serve  to  identify  the  dominating  con- 
stituents composing  the  soils  and  to  suggest  the  proper 
corrective  measures  to  be  used  in  pavement  construction. 

The  following  generalizations,  based  on  the  data  given 
in  the  preceding  pages,  illustrate  the  service  performed 
by  the  test  constants  in  identifying  the  characteristics 
of  subgrade  soils. 

Graded  materials  having  centrifuge  moisture  equiva- 
lents greater  than  15  have  been  found  to  be  related  to 
loss  of  subgrade  stability  in  the  presence  of  water. 

Groups  A-4,  A-5,  and  A-7  subgrades  having  field 
moisture  equivalents  approximately  equal  to  or  greater 
than  the  centrifuge  moisture  equivalents  have  been 
found  to  be  conducive  to  the  cracking  which  occurs  in 
pavements  during  the  early  life  of  the  concrete. 

Groups  A-2,  A-4,  and  A-5  subgrades  having  rela- 
tively high  centrifuge  moisture  equivalents  and  Group 
A-7  subgrades  having  exceptionally  high    shrinkage 
limits  seem  to  favor  detrimental  frost  heave. 

Group  A-3  subgrades  and  groups  A-6  and  A-7  sub- 
grades  having  relatively  high  plasticity  indices  are 
unlikely  to  heave  under  frost  action. 

Groups  A-6  and  A-7  subgrades  are  likely  to  shrink 
and  expand  in  appreciable  amount. 

Group  A-7  subgrades,  having  relatively  high  shrink- 
age limits,  and  Group  A-5  subgrades,  because  of  their 
elasticity,  are  likely  to  prove  troublesome  in  the  prep- 
aration of  the  subgrade. 

The  plastic  varieties  of  the  Group  A-5  subgrades, 
with  exceptionally  low  field  moisture  equivalents,  gen- 
erally have  the  properties  required  in  good  binders  for 
sand-clay  and  topsoil  roads. 

The  principal  purpose  of  this  report  is  to  describe  a 
method  according  to  which  soil  research  yielding  profit- 
able results  may  be  performed.  It  should  serve  also 
to  illustrate  (a)  the  effort  which  may  be  required  to 
interpret  the  test  constants  properly,  (b)  the  character 
of  the  information  which  may  be  obtained  by  the  intelli- 
gent use  of  the  test  constants,  (c)  the  necessity  for 
understanding  the  full  significance  of  each  constant, 
and  (d)  the  impossibility  of  stating  in  simple  terms  the 
general  procedures  by  means  of  which  the  constants  of 
all  soils  may  be  readily  interpreted. 

It  is  expected  that  future  invetigations  will  improve 
the  procedure  for  making  soil  tests,  and  will  increase 
the  precision  and  facility  with  which  soils  may  be  iden- 
tified by  the  use  of  test  constants. 
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STUDIES  OF  PAVING  CONCRETE' 


By  F.  H.  JACKSON,  Senior  Engineer  of  Tests,  and  W.  F.  KELLERMANN,  Associate  Materials  Engineer,  U.  S.  Bureau  of  Public  Roads 


THE  tests  which  are  reported  in  this  paper  were 
undertaken  primarily  for  the  purpose  of  deter- 
mining the  effect  of  variations  in  the  quantity  of 
coarse  aggregate  upon  the  strength,  density,  and  other 
properties  of  concrete  pavement  slabs  which  had  been 
placed  and  finished  in  accordance  with  normal  field 
practice.  Experience  in  the  use  of  multiple  sizes  of 
coarse  aggregate  in  concrete  pavement  work  in  North 
Carolina  and  other  States  during  the  past  few  years 
has  indicated  the  possibility  of  increasing  the  quantity 
of  coarse  aggregate  per  unit  of  volume  of  concrete 
beyond  the  limit  which  had  previously  been  considered 
good  practice  and  in  this  way  producing  a  denser  as 
well  as  a  more  economical  mixture,  provided  only  that 
the  uniformity  of  the  grading  of  the  coarse  aggregate 
and  therefore  its  void  content  was  controlled  rigidly 
by  handling  and  measuring  it  in  separate  sizes. 

It  was  realized  at  the  outset  that  an  investigation 
of  this  sort,  involving  as  it  did  that  most  elusive 
property  of  concrete  which  we  call  "workability," 
could  not  be  performed  satisfactorily  in  the  laboratory. 
In  spite  of  strenuous  efforts  on  the  part  of  many 
investigators,  no  satisfactory  laboratory  test  for  work- 
ability has  as  yet  been  developed.  Furthermore,  this 
whole  matter  of  workability  is  tied  up  so  intimately 
with  methods  of  handling  and  finishing  used  on  the 
job  that  it  is  impossible  to  set  up  any  laboratory 
standard  which  will  give  more  than  comparative 
results.  In  other  words,  a  concrete  which  by  some 
laboratory  standard  may  be  rated  as  "unworkable" 
may  be  quite  workable  under  certain  job  conditions. 
For  this  investigation  the  percentage  of  visible  honey- 
comb in  the  concrete,  as  revealed  by  a  careful  examina- 
tion of  the  slabs,  all  of  which  were  constructed  in 
accordance  with  standard  field  practice,  together  with 
the  uniformity  of  strength  as  determined  by  testing 
beams  taken  directly  from  the  pavement,  has  been 
used  to  measure  the  uniformity  and  therefore  the 
workability  of  the  concrete.  On  this  basis  any  con- 
crete mixture  which  can  be  so  handled  as  to  produce 
a  uniform  homogeneous  slab  without  unduly  raising 
labor  costs  or  reducing  efficiency  in  operation  is 
"workable"  concrete,  and  any  concrete  which  can  not 
be  so  handled  is  not  workable,  in  spite  of  any  rating 
which  it  may  receive  by  some  arbitrary  test. 

Most  of  the  information  which  we  have  regarding 
the  properties  of  concrete  at  the  present  time  has  been 
obtained  in  the  laboratory  on  small-sized  beams  and 
cylinders.  While  these  data  are  of  great  value  in 
helping  us  to  understand  some  of  the  fundamental 
relationships  governing  the  quality  of  concrete,  as, 
for  instance,  the  relation  between  water-cement  ratio 
and  strength,  we  must  realize  that  it  is  the  finished 
structure  with  which  we  are  primarily  concerned  and 
that  we  are  not  in  a  position  to  make  the  best  use  of 
laboratory  test  data  until  we  know  to  just  what  extent 

1  The  bureau  desires  to  express  its  appreciation  of  the  courtesy  extended  by  the 
following  companies  in  loaning  the  equipment  indicated  in  each  case  for  use  during 
the  construction  of  the  test  pavement: 

National  Equipment  Co.,  27E  paver. 

Blaw-Knox  Co.,  2-compartment  bin  with  weighing  batcher  and  steel  road  forms. 

Heltzel  Steel  Form  &  Iron  Co.,  2-compartment  bin  with  weighing  batcher  and 
teel  road  forms. 

Lakewood  Engineering  Co.,  Lakewood  combination  single  screed  and  tamper 
finishing  machine. 

A.  W.  French  Co.,  Ord  double-screed  finishing  machine. 

Duquesne  Slag  Products  Co.,  crushed  slag. 
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tests  on  molded  specimens  measure  the  quality  of  the 
concrete  in  the  structure.  This  investigation  furnished 
an  excellent  opportunity  to  study  these  relationships, 
both  for  crushing  strength,  through  the  use  of  molded 
cylinders  compared  with  cores  drdled  from  the  pave- 
ment, and  for  transverse  strength,  through  the  use  of 
molded  beams  compared  with  large  beams  taken  from 
the  pavement. 

PROJECT  DESCRIBED 

In  order  to  develop  information  along  these  lines,  the 
Bureau  of  Public  Roads  during  the  summer  of  1929 
constructed  an  experimental  concrete  pavement  9  feet 
wide  and  approximately  one-half  mile  long,  using 
standard  construction  methods  and  appliances  through- 
out, except  that  provision  was  made  for  creating  planes 
of  weakness  to  permit  the  removal  of  the  pavement  in 
sections  for  test  purposes.  The  pavement  was  built 
at  the  Arlington  Experiment  Station  of  the  Depart- 
ment of  Agriculture  at  Arlington,  Va.,  on  the  right 
of  way  of  an  abandoned  electric  line.  This  provided 
a  graded,  well  drained,  level  subgrade  which  proved 
ideal  for  the  purpose. 

A  total  of  265  sections,  each  9  feet  in  length,  was 
constructed.  The  program  called  for  the  construction 
of  six  sections  per  day,  three  sections  of  each  of  two 
proportions,  using  a  given  type  and  gradation  of  coarse 
aggregate  and  method  of  finishing.  In  each  group  of 
three  the  water  content  was  varied  so  as  to  produce 
a  variable  consistency  ranging  from  the  driest  mix 
which  it  appeared  possible  to  place  without  undue 
effort  on  the  part  of  the  finishers  to  a  consistency 
approximating  a  2  to  3  inch  slump.  No  effort  was 
made  to  produce  wet  consistencies  such  as  have  some- 
times been  used  in  the  past,  because  it  was  felt  that 
the  dangers  of  overwet  concrete  are  sufficiently  well 
known  and  require  no  demonstration.  On  the  other 
hand,  the  water-cement  ratio  method  of  proportion- 
ing, the  adoption  of  which  is  being  strongly  urged, 
encourages  the  use  of  dry  concrete,  so  that  it  seemed 
desirable  to  study  mixtures  of  this  sort  rather  than  the 
wet  consistencies  which  are  recognized  as  undesirable 
by  everyone. 

MATERIALS  AND  PROPORTIONS 

In  order  to  cover  adequately  the  question  of  type 
of  coarse  aggregate  as  it  affected  the  workability  of  the 
concrete  and  therefore  the  limiting  quantity  which 
might  be  used  with  safety,  a  siliceous  limestone  having 
a  rather  sharp  angular  fracture  and  a  bank  gravel  con- 
taining some  crushed  fragments  were  used  in  the  tests. 
In  addition,  a  limited  number  of  sections  were  laid 
with  blast  furnace  slag  as  coarse  aggregate. 

The  cement  was  a  standard  brand  Portland,  meeting 
all  requirements  of  the  American  Society  for  Testing 
Materials.  It  was  shipped  by  car  direct  from  the  mill 
to  the  site  of  the  work  and  all  of  the  cement  came 
from  one  bin.  The  results  of  physical  tests  of  this 
cement  are  given  in  Table  1. 

The  fine  aggregate  consisted  of  sand  from  the 
Potomac  River,  having  a  fineness  modulus  of  2.65. 
Average  test  data  are  given  in  Table  1.  It  was  realized, 
of  course,  that  the  grading  and  other  characteristics  of 
the  sand  used  in  these  experiments  would  have  a  marked 
effect  upon  the  amount  of  coarse  aggregate  which  could 
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Table  1. — Physical  properties  of  cement  and  fine  aggregate 

1.  Portland  cement: 

Fineness,  percentage  retained  on  200-mesh  sieve 14.  7 

Time  of  set  (Gillmore) — 

Initial 3  hours,  8  minutes. 

Final 6  hours,  3  minutes. 

Steam  test  for  soundness Satisfactory. 

Normal  consistency,  per  cent 22.  6 

Tensile    strength    (pounds    per    square    inch,    1 : 3 
Ottawa  sand  mortar) — ■ 

At  7  days 315 

At  28  days 400 

(Results  are  average  of  14  samples  tested.) 

2.  Fine  aggregate: 

Sieve  analysis ' — 

Total  retained  on  %-inch  screen,  per  cent 1 

Total  retained  on  No.  10  sieve,  per  cent 14 

Total  retained  on  No.  20  sieve,  per  cent 32 

Total  retained  on  No.  30  sieve,  per  cent 45 

Total  retained  on  No.  40  sieve,  per  cent 69 

Total  retained  on  No.  50  sieve,  per  cent 86 

Total  retained  on  No.  80  sieve,  per  cent 94 

Total  retained  on  No.  100  sieve,  per  cent 96 

Total  retained  on  No.  200  sieve,  per  cent 97 

Silt  and  clay,  per  cent 2.  8 

Apparent  specific  gravity 2.  65 

Weight  per  cubic  foot  (dry-rodded),  pounds 102 

Absorption  (Rea's  method) ,  per  cent 0.  7 

Voids,  per  cent 38 

Organic  matter  (color  test) Satisfactory. 

Strength  ratio — 

7  days 96 

28  days 113 

Description:  Sand    consists    essentially    of    angular  quartz 
grains,  containing  some  chert,  feldspar,  and  mica. 

1  Sieve  analysis  is  average  of  96  samples  tested. 

Table  2. — Physical  properties  of  coarse  aggregates 


Type  of  aggregate 


Gravel,  grading  A 
Gravel,  grading  B 

Stone,  grading  A. 
Stone,  grading  B. 


Specific 
gravity 


2.67 
2.64 


2.72 
2.72 


2.47 


Absorp- 
tion 


Per  cent 
0.27 
.43 

.12 
.  12 


Wear 


Per  cent 
|        14. 3 


'4.4 
12.2 


Wright 

per  cubic      v  jd 
foot  (dry- 
rodded) 


Pounds 
108 
105 

102 
101 

87 


Per  cent 
35 
36 

40 
41 


1  Not  standard  test;  made  with  crushed  rock. 

Table  3. — Gradings  of  coarse  aggregate 

Aggregate 

Grad- 
ing 

Per  cent  by  weight  passing  round-open- 
ing screens 

2H-inch 

1  H-inch 

?4-inch 

54-inch 

A 
B 
A 
B 
A 

100 

50 
100 
50 
37 
50 

25 

60 
25 
10 
25 

0 

Do 

0 

Stone ... 

100 
100 
100 

0 

Do 

0 

Slag 

0 

be  used.  It  is  well  known  that  in  general  the  finer  the 
sand  the  higher  the  percentage  of  coarse  aggregate  by 
volume  which  may  be  employed  without  exceeding  the 
limits  of  workability.  However,  it  was  obviously  im- 
possible to  study  any  great  range  in  fine  aggregate 
gradations  in  a  program  such  as  this.  It  was  decided, 
therefore,  to  use  a  single  sand  of  average  gradation  with 
varying  percentages  of  coarse  aggregate,  beginning  at  a 
value  sufficiently  low  to  insure  a  well-oversanded  mix 
for  the  particular  type  of  sand  selected  and  increasing 
the  amount  of  coarse  aggregate  by  definite  steps  until 
a  distinctly  undersanded  mix,  as  judged  by  laboratory 
standards,  had  been  obtained. 

The  results  of  the  physical  tests  of  the  three  coarse 
aggregates  are  given  in  Table  2.  The  limestone  was 
obtained  from  Martinsburg,  W.  Va. ;  the  gravel  from 


Fredericksburg,  Va. ;  and  the  slag  from  Birdsboro,  Pa. 
Each  aggregate  was  ordered  shipped  to  the  job  in  three 
separate  sizes,  as  follows:  %-inch  to  /4-inch,  %-inch  to 
1%-inch,  1%-inch  to  2}2-inch.  The  separated  sizes  were 
combined  by  weight  to  give  the  combined  aggregate 
gradations  indicated  in  Table  3. 
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SCREEN  SIZE- INCHES-ROUND  OPENINGS 
Figure  1. — Gradings  of  Coarse  Aggregates  as  Designed 

It  will  be  noted  that  in  the  case  of  the  gravel  and  the 
crushed  stone  two  gradings  were  employed.  Grading 
A  is  the  so-called  straight-line  grading,  showing  an  even 
distribution  of  sizes  from  the  maximum  down  to 
K-inch.  Grading  B  in  the  case  of  the  gravel  ranged  in 
size  from  %-inch  to  1  K-inch,  with  a  surplus  in  the  finer 
sizes.  This  grading  was  used  because  of  the  economic 
importance  of  this  type  of  gravel  in  certain  sections  of 
the  country.  Grading  B  for  the  crushed  stone  showed  a 
deficiency  in  the  finer  sizes  and  was  used  to  simulate  a 
condition  often  met  with  in  practice  whenever  a  demand 
exists  for  these  finer  sizes  for  bituminous  work,  resulting 
in  a  tendency  to  rob  the  concrete  aggregate  of  these 
sizes.  The  sieve  analysis  curves  for  the  combined 
gradings  are  shown  in  Figure  1. 

MORTAR-VOIDS  ANALYSIS  MADE 

In  the  preparation  of  this  report  an  analysis  was 
made  of  the  base  mix,  1:2:  3}>,  used  in  these  tests 
according  to  the  Talbot-Richart  mortar-voids  theory.2 
Results  of  mortar-voids  tests  on  the  sand  used,  which 
were  made  by  Professor  Richart,  of  the  University  of 
Illinois,  form  the  basis  of  this  analysis.  According  to 
the  mortar-voids  theory,  for  materials  similar  in 
quality,  the  strength  of  concrete  is  a  function  of  the 
ratio  of  the  volume  of  voids  to  the  volume  of  cement  in 
the  mix.  The  theory  also  holds  that,  for  the  type  of 
plastic  mix  ordinarily  employed  in  construction,  the 
void  characteristics  of  the  mortar  constituent  may  be 
used  in  investigating  the  probable  strength  of  the  con- 
crete. This  is  possible  because,  for  such  mixes,  the 
volume  of  mortar  is  greater  than  the  volume  of  voids  in 
the  coarse  aggregate,  and  the  voids  in  the  concrete 
may  therefore  be  considered  as  made  up  of  the  sum  of 
the  air  and  water  voids  in  the  mortar.  The  results  of 
the  mortar-voids  analysis  are  omitted  from  the  present 
report  for  lack  of  space. 

In  the  method  of  designing  concrete  described  by 
Talbot  and  Richart  the  maximum  quantity  of  coarse 
aggregate  to  use  is  determined  by  means  of  the  ratio 

f-  in  which  b  is  the  absolute  volume  of  coarse  aggregate 
0 
in  a  unit  volume  of  concrete  and  b0  is  the  absolute 

volume  of  coarse  aggregate  in  a  unit  volume  of  coarse 

2  Bulletin  137,  University  of  Illinois  Engineering  Experiment  Station,  1923. 
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aggregate.  This  ratio  expresses  directly  the  bulk 
volume  (absolute  volume  plus  voids)  of  coarse  aggre- 
gate which  is  present  in  a  unit  volume  of  concrete. 
Since  the  voids  in  a  given  volume  of  coarse  aggregate 
are  always  increased  by  the  addition  of  mortar,  the 
volume  of  resulting  concrete  will  always  be  larger  than 
the  bulk  volume  of  coarse  aggregate  used,  and  the  ratio 

r-  will  always  be  less  than  1.     In  designing  concrete 

mixes  the  practical  application  of  tins  theory  involves 
the  determination  of  b  for  a  given  b0  on  the  basis  of  an 
assumed  value  for  the  ratio,  the  magnitude  of  winch 
will  vary  with  the  several  conditions  affecting  work- 
ability, such  as  type  of  coarse  aggregate,  methods  of 
placing  and  finishing,  etc.  A  number  of  State  highway 
departments  are  using  this  ratio  in  designing  their 
paving  mixtures,  the  value  being  based,  in  most  cases, 
upon  field  practice.     For  this  reason   the  values  for 

r-  corresponding  to  the  various  arbitrary  mixes  selected 

0         . 
for  this  study  have  been  calculated  and  are  given  in 

Table   11.     The  value  of  the  ratio  for  each  mix  has 

been  calculated  on  the  basis  of  the  average  amount  of 

water  used  in  the  various  sections  in  which  the  mix 

was  employed. 

CONSTRUCTION  METHODS  OUTLINED 

Batching  materials. — Although  the  basic  proportions 
were  determined  by  dry-rodded  volumes,  all  of  the 
materials  for  each  batch,  with  the  exception  of  water, 
were  weighed.  The  aggregates  were  weighed  in  regula- 
tion batchers;  the  cement  was  weighed  in  the  original 
sacks  on  platform  scales.  In  order  to  handle  the  coarse 
aggregate  in  three  sizes,  two  2-bin  batcher  plants  were 
used.  One  of  these  handled  two  sizes  of  coarse  aggre- 
gate, while  the  other  handled  the  third  size  and  the 
sand.  The  batcher  plants  were  of  different  make,  one 
being  provided  with  an  automatic  dial  for  indicating 
the  weight  and  the  other  with  a  beam  and  rider.  The 
latter  was  equipped  also  with  an  automatic  tell-tale 
for  indicating  over  or  under  weight.  The  weighing 
hoppers  on  both  batchers  were  so  arranged  that  any 
excess  material  could  be  conveniently  removed.  A 
view  of  the  batcher  plant  layout  is  shown  in  Figure  2. 

As  the  bins  were  filled,  sieve  analyses  were  made  of  the 
separate  sizes  of  coarse  aggregate  and  these  data  later 
used  in  determining  the  weights  of  each  size  necessary 
to  give  the  theoretical  grading  required.  It  was  ascer- 
tained from  these  analyses  that  certain  of  the  sizes 
contained  appreciable  quantities  of  material  which 
passed  the  smaller  screen  designating  that  particular 
size.  However,  the  percentage  of  fines  in  each  size 
did  not  vary  to  any  extent  from  day  to  day,  so  that, 
a  correction  having  been  established  for  the  undersize 
material,  it  was  not  necessary  to  change  it  often. 

Filling  of  the  sand  hopper  was  not  begun  until  the 
morning  on  which  the  material  was  to  be  used.  In  this 
way  variations  in  moisture  content  within  the  hopper 
were  eliminated  to  a  large  extent.  Moisture  deter- 
minations were  made  as  the  hopper  was  filled,  and  these 
percentages  were  used  in  calculating  the  weight  of  dry 
sand  required  for  each  batch.  As  the  sand  was  deliv- 
ered into  the  skip  of  the  mixer,  additional  samples  were 
taken  and  these  samples  sent  to  the  laboratory  for 
mechanical  analysis  and  a  check  on  the  moisture  content. 

Hauling  material  from  batching  plant  to  mixer. — The 
materials  were  conveyed  from  the  batching  plant  by 
dump  trucks,  each  truck  hauling  one  batch.     The  trucks 


first  received  two  separate  sizes  of  coarse  aggregate 
from  one  batcher,  then  pulled  under  the  second  batcher 
for  the  third  size  and  the  sand,  and  then  passed  by  the 
cement  house  where  the  cement  was  loaded  in  sacks  and 
partial  sacks.  Immediately  prior  to  the  approach  of 
the  trucks  to  the  mixer  these  sack  were  opened  and  the 
cement  spread  over  the  aggregate.  Canvas  spread 
over  the  damp  sand  in  the  trucks  prevented  loss  of 
moisture  during  the  interval  between  loading  and 
dumping  into  the  skip  of  the  mixer. 

Construction  of  test  slabs. — The  concrete  was  laid  as 
a  pavement  9  feet  in  width,  7  inches  thick,  and  on  a  flat 
subgrade  which  had  been  very  carefully  prepared.  In 
order  to  insure  uniform  subgrade  conditions,  single-ply 
felt  tar  paper  was  placed  on  the  subgrade  prior  to  laying 


Figure  2- 


-Proportioning  Plant  Used  in  Construction 
of  Test  Sections 


the  concrete.  Transverse  headers  9  feet  apart  separated 
the  sections,  each  of  which  therefore  had  a  volume  of 
47  cubic  feet,  or  just  a  little  less  than  the  volume  of  two 
standard-size  batches  of  a  27E  paver.  As  the  concrete 
was  actually  to  be  taken  up  and  tested,  three  2-inch  by 
2-inch  wooden  separators  were  placed  between  the  head- 
ers in  such  a  manner  as  to  create  longitudianl  planes  of 
weakness  and  to  divide  each  9-foot  by  9-foot  section 
into  four  slabs  each  27  inches  wide  by  9  feet  in  length. 
These  2-inch  by  2-inch  strips  were  placed  at  the  center 
of  the  7-inch  section,  and,  being  dry  when  placed,  ab- 
sorbed sufficient  moisture  from  the  concrete  to  cause 
swelling,  with  subsequent  longitudinal  cracking  in  the 
concrete.  A  view  of  the  subgrade  showing  the  separators 
in  place  is  shown  on  the  cover.  A  completed  section 
appears  in  the  background.  Before  the  concrete  had 
set,  a  line  of  ^-inch  holes  was  punched  across  each  sec- 
tion 2  feet  from  each  end.  Immediately  prior  to  test- 
ing, plugs  and  feathers  were  inserted  in  these  holes  and 
the  2-foot  end  strips  broken  off.  Thus  there  were  ob- 
tained from  each  section  four  slabs  approximately  27 
inches  wide  by  5  feet  in  length  by  7  inches  in  depth.  These 
slabs  were  tested  in  flexure  by  a  method  described  later. 

Mixing  concrete. — For  mixing  the  concrete,  a  new 
27E  paver  was  employed.  It  was  equipped  with  a 
tank  for  measuring  water,  which  was  filled  by  gravity 
from  an  auxiliary  tank  mounted  on  top  of  the  mixer. 
The  auxiliary  tank  had  a  greater  capacity  than  the 
measuring  tank  and  provided  a  means  of  supplying  the 
mixer  with  water  while  hose  connections  to  the  water 
line  were  being  changed.  The  use  of  the  auxiliary 
tank  also  relieved  the  measuring  tank  of  all  pipe-line 
pressure,  thereby  making  water  measurements  more 
positive. 

All  batches  were  mixed  for  one  minute,  the  mixer 
being  provided  with  a  timing  device  and  indicator  bell. 


148 


PUBLIC    ROADS 


Vol.  12,  No.  6 


The  mixer  ran  between  the  side  forms,  and  the  first 
batch  for  each  section  was  deposited  in  such  a  manner 
as  to  fill  one-half  of  the  section  for  its  entire  length. 
After  the  second  batch  was  deposited  the  mixer  was 
moved  forward  and  the  next  section  prepared  by  plac- 
ing the  tar  paper,  headers,  and  separators  while  the 
section  just  placed  was  being  finished.  Figure  3  shows 
the  first  batch  being  dumped.  Figure  4  shows  the 
finishing  machine  beginning  the  operation  of  spread- 
ing the  concrete.     At  the  beginning  of  each  day's  run 


Figure  3. — Dumping  First  Batch 

a  preliminary  one-half  batch  was  run  and  discarded, 
in  order  to  place  the  inside  of  the  drum  in  the  same  con- 
dition for  the  first  batch  as  for  all  subsequent  batches. 
Mixing  operations  for  each  day  were  continuous,  so 
that  it  was  not  necessary  to  repeat  this  operation. 

Determining  weights  for  each  batch. — The  quantity  of 
concrete  required  for  each  section  plus  that  necessary 
for  the  control  specimens  amounted  to  about  51  cubic 
feet.  It  was  decided  to  make  two  27  cubic-foot  batches 
for  each  test  section.  This  was  accomplished  by  com- 
puting the  quantities  of  the  constituent  materials  on 
the  basis  of  absolute  volume  for  each  mix.  The  only 
change  necessary  was  an  adjustment  in  water  content 
at  the  mixer  in  order  to  have  three  consistencies  for 
each  proportion.  This  did  not  necessitate  any  change 
in  the  weights  at  the  batching  plant  as  the  water-cement 
ratio  used  in  the  computations  was  that  required  for 
the  driest  consistency.  It  did  result,  however,  in 
slightly  higher  yields  for  the  wetter  consistencies. 

Finishing. — Two  finishing  machines  were  employed 
for  finishing  the  concrete,  a  combination  single  screed 
and  tamper,  and  a  double-screed  machine.  In  the 
first  round  of  tests  the  tamper  was  used  with  the  single- 
screed  machine  while  in  the  second  round  the  screed 
was  used  without  the  tamper.  The  double  screed  was 
used  in  each  round  of  tests.  In  the  tables  and  charts 
the  single  screed  with  tamper  is  referred  to  as  type  A, 
the  single  screed  without  tamper  as  type  B,  and  the 
double  screed  as  type  C.  Both  machines  were  equipped 
with  belts  so  that  no  hand  belting  was  necessary. 
Figures  5,  6,  and  7  show  typical  views  of  the  finishing 
operations  as  performed  by  type  A,  the  single  screed 
and  tamper,  and  type  C,  the  double-screed  machine. 
Figure  5  dlustrates,  for  the  two  types  of  machine,  the 
typical   appearance   of   the   concrete   before    the   first 


Table  4. — Schedule  of  lest  sections  giving  type  of  coarse  aggregate 
and  finishing  machine  used  on  each  section 


ROUND  l 


Section  Nos. 

Coarse  aggregate 

Finishing 
machine 

1-18 

Gravel,  grading  A 

Type  A.i 
Do 

19-33 

Gravel,  grading  B... 

34-51 

Gravel,  grading  A 

Type  C.2 
Do. 

52-68 

Gravel,  grading  B    .  . 

69-83 

Crushed  stone,  grading  A. 

Type  A. 
Do. 

84-97 

Crushed  stone,  grading  B 

98-112 

Crushed  stone,  grading  A 

Type  C 
Do. 

113-127 

Crushed  stone,  grading  B. 

128-145, 
146-160. 
161-178. 
179-193. 
194-208. 
209-223. 
224-238. 
239-253. 
254-265. 


ROUND  2 

Gravel,  grading  A 

Gravel,  grading  B 

Gravel,  grading  A _._ 

Gravel,  grading  B 

Crushed  stone,  grading  A. 
Crushed  stone,  grading  B . 
Crushed  stone,  grading  A. 
Crushed  stone,  grading  B. 
Crushed  slag,  grading  A... 


Type  C 

Do. 
Tvpe  B.J 

Do. 

Do. 

Do. 
Type  C 

Do. 

Do. 


1  Single  screed  with  tamper. 
!  Double  screed. 


1  Single  screed  without  tamper. 


Figure  -t. — Finishek  Spreading  Concrete 

passage  of  the  finisher  and  the  appearance  after  the 
passage  of  the  screeds.  Figure  6  shows  the  final 
appearance  of  the  section  after  belting.  A  finish  of 
this  character  was  obtained  on  practically  all  sections. 
Figure  7  illustrates  the  finishing  operations  in  detail. 

The  machines  were  operated  according  to  the  sched- 
ule given  in  Table  4. 

In  general,  the  number  of  passes  of  the  finishing  ma- 
chine was  limited  to  three,  with  the  idea  that  this  would 
be  about  the  economic  limit  from  the  standpoint  of 
production  management  on  an  actual  job.  However, 
no  more  finishing  was  done,  in  any  case,  than  was  nec- 
essary to  secure  a  satisfactory  surface  finish.  Com- 
plete notes  were  taken  giving  the  number  of  passes  of 
the  finishing  machine  over  each  test  section,  the  number 
of  times  the  concrete  was  tamped  in  the  case  of  type  A 
machine  and  the  amount  of  hand  work,  if  any,  neces- 
sary.    These  notes  are  tabulated  in  Table  12. 

Curing. — Wet  burlap  was  applied  to  the  pavement  as 
soon  after  laying  as  the  surface  would  permit.  This 
burlap  was  kept  wet  during  the  day  on  which  the  pave- 
ment was  laid.  On  the  following  morning  the  burlap 
was  removed  and  a  layer  of  earth  about  2  inches  deep 
was  applied.  This  earth  was  kept  wet  for  10  days, 
after  which  it  was  left  on  the  slab  but  not  wet  down. 
Fourteen  days  prior  to  testing  the  earth  was  wet  down 
and  kept  wet  until  the  individual  sections  were  tested. 


August,  1931 


PUBLIC    ROADS 


149 


Type  A  finisher  in  operation  on  1:2:434  crushed  stone  concrete,  grading  A,  slump  2      Type  C  finisher  in  operation  on  1:2:41-2  crushed  stone  concrete,  grading  A,  slump  H£ 

inches  inches 

Figure  5. — Finishing  Operations  on  Sections  83  and  107 


CONTROL  TESTS  CONDUCTED  FOR  EACH  TEST  SECTION 

Four  beams  and  four  cylinders  were  made  as  control 
specimens  for  each  test  section.  The  beam  molds  were 
7  by  7  by  30  inches  in  size,  four  to  a  gang,  and  were 
made  of  wood.  The  cylinder  molds  were  6  by  12  inches, 
were  of  steel,  and  rested  on  machined  base  plates. 
These  plates  in  turn  rested  on  a  wooden  platform  which 
also  served  as  a  base  for  the  beam  molds.  The  plat- 
form was  placed  on  a  level  bearing  about  4  feet  from  the 
roadway,  thus  permitting  sufficient  space  for  the  finish- 
ing machine  and  workmen  on  the  test  section.  Very 
little  water  was  lost  from  within  the  specimens.  This 
end  was  accomplished  by  using  two  thicknesses  of  felt 
paper  between  the  beam  molds  and  base  and  heavy 
grease  between  the  cylinder  molds  and  plates.  Wet 
burlap  was  placed  over  the  test  specimens  to  prevent 
loss  of  water  by  evaporation. 

The  concrete  for  the  control  specimens  was  taken  in 
the  following  manner:  After  the  first  batch  was  dumped 
from  the  mixer  a  sample  weighing  about  350  pounds 
was  shoveled  into  two  water-tight  pans,  in  equal  parts. 
A  second  sample  similarly  divided  was  taken  after  the 
second  batch  was  dumped,  placed  in  the  pans  together 
with  the  samples  from  the  first  batch,  and  the  two 
samples  in  each  pan  thoroughly  mixed  with  shovels. 
Great  care  was  exercised  to  obtain  representative 
samples.  Slump  and  flow  tests  were  then  made,  beams 
and  cylinders  fabricated,  and  the  excess  concrete 
returned  to  the  test  section.  In  making  the  beam 
specimens  the  following  procedure  was  followed: 
The  molds  were  filled  in  two  layers,  each  layer  being 
rodded  75  times  with  a  %-inch  steel  rod,  bullet-shaped  on 
the  end,  and  then  spaded  on  the  sides  and  ends.     After 


Figure  6. — Typical  Appearance  of 
Top,  Type  A  Finisher;   Bottom, 


Finished  Sections. 
Type  C  Finisher 
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Type  A  finisher  Type  C  finisher 

Figure  7. — Typical  Views  of  Finishers  in  Operation 


the  second  layer  was  completed  the  top  was  struck  off 
and  finished  with  a  wooden  float.  The  cylinders  were 
made  in  three  layers  in  accordance  with  the  practice 
of  the  American  Society  for  Testing  Materials  and 
finished  with  a  wooden  float.  After  about  22  hours  the 
specimens  were  removed  from  the  molds  and  placed 
by  the  side  of  the  test  section.  They  were  covered 
with  wet  earth  at  the  time  the  slab  was  covered. 

The  slump  tests  were  made  in  accordance  with  the  ten- 
tative method  of  test  for  consistency  of  Portland  cement 
concrete  of  the  American  Society  for  Testing  Materials. 
The  flow  tests  were  made  on  a  30-inch  flow  table,  the 
test  consisting  of  15  drops  of  %-inch  in  10  seconds,  as 
described  in  the  publication,  "A.  S.  T.  M.  serial  designa- 
tion C  39-27,  Standard  Method  of  Making  Compression 
Tests  of  Concrete."     The  values  are  given  in  Table  5. 

Two  of  the  four  control  beams  were  tested  at  28  days 
and  the  other  two  at  9  months.  The  corresponding 
cylinders  were  tested  at  28  days  and  10  months.  All 
control  specimens  were  immersed  in  water  for  24  hours 
before  testing:  to  insure  uniform  moisture  content. 


Figure  8. — Portable  Apparatus  For  Testing  Slabs 

In  the  case  of  the  28-day  cylinders  the  specimens  were 
removed  from  the  subgrade  at  an  age  of  11  days  and 
brought  to  the  laboratory  to  be  capped.     They  were 
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then  returned  to  wet-earth  storage  until  24  hours 
before  testing.  The  10-month  cylinders  were  handled 
in  the  same  manner  except  that  they  were  removed 
from  the  subgrade  one  month  before  testing  instead  of 
17  days  as  in  the  case  of  the  28-day  specimens. 

Flexure  tests  were  made  on  a  100,000-pound  universal 
testing  machine,  the  idle  crosshead  speed  being  0.05  inch 
per  minute.  The  beams  were  tested  with  the  bottom 
as  molded  in  tension,  span  27  inches,  load  applied  at 
the  third  points. 


slab.  The  load  is  applied  by  means  of  a  ball-bearing 
ratchet  jack  D  and  is  distributed  to  the  third  points  of 
the  span  by  a  structural  frame  E.  For  determining 
the  magnitude  of  the  applied  load  a  pair  of  heat-treated 
steel  beams  C  is  inserted  between  the  head  of  the  jack 
and  the  reaction  beam  A.  The  combined  deflection  of 
the  two  beams  is  measured  with  a  micrometer  dial 
reading  in  ten-thousandths  of  an  inch.  The  load-deflec- 
tion characteristics  of  the  beam  combination  having 
been  determined  in  advance  by  calibration,  it  becomes 


Figure  9. — Testing  Slab  for  Flexural  Strength 


SPECIAL  APPARATUS  CONSTRUCTED  FOR  TESTING  SLABS 

Because  of  the  large  number  of  flexure  tests  to  be 
made  on  the  27  by  60  inch  slabs  it  was  quite  impracti- 
cable to  make  the  tests  in  the  laboratory,  and  field 
testing  was  mandatory.  The  importance  of  the  data 
given  by  the  flexure  tests  was  such  that  accuracy 
commensurate  with  that  obtained  in  the  laboratory 
was  essential.  For  these  reasons  special  consideration 
was  given  to  the  items  of  accuracy  and  mobility  in 
the  design  of  the  apparatus  for  making  these  tests. 

The  general  design  was  such  that  the  machines 
could  be  quickly  disassembled  into  units  which  could 
be  picked  up  and  moved  by  hand;  and,  yet  with  a 
designed  load  capacity  of  20,000  pounds,  the  total 
load  on  the  specimen  could  be  determined  within  about 
25  pounds. 

Figure  8  shows  a  side  elevation  of  one  of  the  testing 
machines.  It  consists  of  a  structural  steel  base  frame 
which  supports  a  transverse  rocker  bearing  F  and  roller 
G  on  which  the  slab  to  be  tested  is  supported.  At  the 
center  of  each  side  member  of  the  base  frame  a  vertical 
tension  member  is  attached  by  two  easily  removable 
pins.  Passing  transversely  across  the  slab  at  the  upper 
end  of  these  two  tension  members  is  a  steel  beam  A, 
which  takes  the  reaction  when  a  load  is  applied  on  the 


a  simple  matter  to  translate  the  dial  readings  into  terms 
of  total  applied  load.  This  method  of  measuring  load 
has  been  used  previously  (see  Public  Roads,  vol.  7, 
No.  2,  April,  1926)  and  has  proved  to  be  very  satis- 
factory. To  assure  an  even  bearing  of  the  knife  edge 
located  in  the  center  of  the  upper  beam  against  the 
reaction  a  cylindrical  bearing  block  B  was  provided. 

In  order  to  take  care  of  the  number  of  tests  which  had 
to  be  made,  two  complete  machines  and  an  extra  base 
frame  were  built.  This  permitted  the  load-applying 
equipment  to  be  shifted,  after  the  slab  failed,  to  an 
unbroken  specimen  set  up  for  test  on  the  extra  base, 
greatly  expediting  the  work. 

TESTS  OF  PAVEMENT  SLABS  DESCRIBED 

As  previously  explained,  the  installation  of  planes  of 
weakness  during  construction  had  caused  the  formation 
of  three  equally  spaced  longitudinal  cracks  in  each 
9-foot  slab,  so  that  there  were  available  for  testing  four 
slabs  each  27  inches  wide  and  9  feet  long.  Each  of 
these  slabs  was  reduced  in  length  to  5  feet  just  prior  to 
testing  by  breaking  off  a  section  2  feet  in  length  from 
each  end.  These  end  sections  were  discarded  entirely 
because  it  was  felt  that,  because  of  the  resistance 
offered  by  the  header  boards  to  free  movement  of  the 


152 


PUBLIC    ROADS 


Vol.  12,  No.  6 


concrete,  the  material  in  the  end  sections  might  not  be 
truly  representative. 

Since  the  test  slabs  weighed  approximately  1,000 
pounds  each,  it  was  necessary  to  use  a  special  rig  for 
mounting  them  on  the  testing  machine.  A  number  of 
A  frames  sufficiently  long  to  span  the  entire  test  section 
and  equipped  with  trolley  and  chain  hoist  were 
employed  for  this  purpose.  Four  clamps  slipped 
under  the  edges  of  the  slabs  near  the  corners  and  con- 
nected with  the  chain  hoist  by  means  of  chains  pro- 
vided with  hooks  proved  entirely  adequate  for  handling 
these  slabs. 

A  uniform  bearing  across  the  entire  width  of  slab  at 
E,  F,  and  G  was  obtained  by  using  plaster  of  Paris  and 
thin  metal  strips.  Rubber  strips  were  substituted  for 
plaster  of  Paris  at  E  whenever  the  top  of  the  slab  was 
smooth  enough  to  permit  it. 

The  specimens  were  tested  by  applying  the  load  by 
hand  as  shown  in  Figure  9.  The  magnitude  of  the  load 
at  failure  was  determined  by  measuring  the  deflection  of 
the  calibrated  beams  wdth  the  micrometer  dial,  also 
shown  in  the  figure.  It  was  necessary  to  note  the  maxi- 
mum reading  of  the  dial,  as  the  hand  returned  to  zero 
the  instant  the  slab  broke.  It  was  not  difficult  to 
catch  this  reading,  since  the  hand  on  the  dial  would 
move  very  slowly  as  the  maximum  loading  was 
approached.  In  general,  two  observers  read  the  dial 
independently  and  checked  their  readings  after  failure 

CORES  DRILLED  FROM  PAVEMENT 

The  breaking  of  the  four  test  slabs  of  each  section 
produced  8  half  slabs.  Cores  were  drilled  from  2  of 
these  8  pieces,  and  the  cores  were  tested  for  absorption 
at  an  age  of  approximately  9l/2  months.  The  specimens 
were  boiled  in  water  for  5  hours  and  then  dried  in  an 
oven  at  a  temperature  of  about  160°  C.  to  constant 
weight.  Additional  cores  were  drilled  from  the  broken 
slabs  and  tested  in  compression  at  15  months.  These 
cores  were  immersed  in  water  for  24  hours  before  testing. 

In  order  to  provide  specimens  for  durability  tests, 
additional  cores  from  a  number  of  typical  sections  were 
drilled  for  each  mix  and  are  being  subjected  to  alternate 
freezing  and  thawing  at  this  time.  A  report  covering 
this  phase  of  the  investigation  will  be  issued  later. 

TEST  RESULTS  ANALYZED  IN  DETAIL 

The  data  resulting  from  these  tests  are  presented 
both  in  tabular  and  in  graphic  form.  The  results  are 
shown  in  detail  section  by  section  and  are  also  sum- 
marized in  various  ways  in  order  to  bring  out  certain 
relationships  which  appear  to  have  been  established. 

The  discussion  is  developed  along  the  following  lines : 
Certain  general  relationships  which  appear  to  exist  be- 
tween the  strength  and  uniformity  of  the  concrete  and 
each  of  the  variables  which  have  been  introduced  are 
first  considered.  This  preliminary  analysis  is  followed 
by  a  discussion  of  the  detail  results  for  the  purpose  of 
ascertaining  to  wmat  extent  the  results  for  individual 
sections  deviate  from  the  average  trends  and  to  deter- 
mine if  possible  the  reasons  for  such  deviations.  The 
following  variables  are  discussed  in  the  order  named, 
the  three  coarse  aggregates,  gravel,  crushed  stone,  and 
slag  being  considered  separately  in  each  case: 

1.  Relation  between  strength  of  concrete  and  mix. 

2.  Relation  between  strength  of  concrete  and  variations  in 
cement  factor  resulting  from  change  in  mix. 

3.  Relation  between  strength  of  concrete  and  variations  in 
water-cement  ratio  resulting  from  change  in  mix. 

4.  Effect  of  type  of  finishing  machine. 


5.  Effect  of  grading  of  coarse  aggregate. 

6.  Effect  of  honeycomb  in  slabs  on  modulus  of  rupture  for 
each  type  of  finishing  machine. 

7.  Relation  between  honeycomb  in  slabs  and  mix. 

8.  Relation  between  honeycomb  in  slabs  and  consistency. 

9.  Uniformity  of  concrete. 

10.  Absorption  tests. 

The  detailed  data  of  the  tests  arranged  section  by 
section  in  the  order  of  laying  are  shown  in  Tables  5 
and  6.  These  tables  contain  all  of  the  data  from  which 
the  tables  and  charts  showing  average  values  were  pre- 
pared, with  the  exception  of  the  material  relative  to 
uniformity,  honeycombing,  and  absorption. 

Table  5. — Proportions  and  consistency  of  concrete 

ROUND    1,  GRAVEL   AGGREGATE,  GRADING   A,  TYPE    A    FINISHER 


Section  No. 

Date  laid 
(1929) 

Propor- 
tions 

Water- 
cement 
ratio 

Slump  in 

inches 

Flow 

Theoreti- 
cal ce- 
ment fac- 
tor in 
sacks  per 
cubic 
yard 

1 

July    10 
July    11 
Julv    10 
...do 

1:2:334 
1:2:334 
1:2:3}-*, 
1:2:4 
1:2:4 
1:2:4 
1:2:43-2 
1:2:434 
1:2:4}^ 
1:2:454 
1:2:494 
1:2:434 
1:2:5 
1:2:5 
1:2:5 
1:2:534 
1:2:5)4 
1:2:5)4 

0.85 
.82 
.83 
.90 
.87 
.93 
.90 
.86 
.99 

1.00 
.95 
.87 
.92 

1.01 
.96 
.96 
.91 

1.03 

2 
H 

1 

m 
m 

i 

234 

4 
3 

1 

m 

5 
3 
294 

M 

494 

5  96 

2 

125 

5  59 

3 

5  58 

4 

5  16 

5 

...do 

5  18 

6 

...do 

5  12 

7 

July   11 

...do 

...do 

...do 

...do 

July   12 

...do 

...do 

...do 

...do 

-...do... 

125 
122 
144 
155 
150 
125 
130 
160 
148 
138 
132 
164 

4.86 
4.89 
4.78 
4.64 
4.68 
4  74 

8 

9 ... 

10 

11 _. 

12 

13 

14 

15 

16 

17.. 

4.57 
4.50 
4.53 
4.42 
4  46 

18 

.do 

4  37 

ROUND    1,  GRAVEL   AGGREGATE,  GRADING   B,  TYPE   A   FINISHER 


19... 
20... 
21... 
22... 
23... 
24... 
25... 
26... 
27... 


July 

..do.. 

..do.. 

..do.. 

..do.. 

.-do_. 


July    16 

..do 

..do 

..do 

..do 

do. 


July  17 
..do..... 
..do..... 


:  2: 33-2 

:2:3!4 

:2:3}4 

:2:4 

:2:4 

:2:4 

:2:434 

:2:4'/2 

:2:43'o 

:2:M 

:2:4?4 

:2:434 

:2:5 

:2:5 

:2:5 


0.89 
.93 
.90 
.85 
.92 


1 

2)4 
M 

1)4 

2 

2Y2 

VA 

194 

3 
2 

2 

134 

2 


124 
144 
127 
127 
132 
136 
117 
138 
135 
139 
139 
119 
138 
120 
116 


5.54 
5.50 
5.53 
5.24 
5.17 
5.14 
4.86 
4.80 
4.76 
4.63 
4.68 
4.70 
4.52 
4.61 
4.58 


ROUND   1,  GRAVEL  AGGREGATE,  GRADING  A,  TYPE   C   FINISHER 


34 

July   18 
...do 

1:2:334 

1:2:334 

1:2:3J4 

1:2:4 

1:2:4 

1:2:4 

1:2:4}4 

1:2:434 

1:2:434 

1:2:494 

1:2:4% 

l:2:4M 

1:2:5 

1:2:5 

1:2:5 

1:2:534 

1:2:534 

1:2:5)4 

0.86 
.90 
.87 
.86 
.93 
.94 
.91 
.88 
.97 
.90 
.98 

1.03 
.93 

1.00 

1.03 
.93 
.90 

1.03 

1 
2)4 

194 
% 
l 
194 

1 

i 

154 

m 

1)4 

2 
3 

194 
A 
2)4 

123 
138 
134 
128 
123 
130 
120 
122 
130 
118 
125 
144 
115 
122 
144 
130 
111 
140 

5.54 

35 

5.50 

36 

37 

...do 

...do 

5.53 
5. 19 

38 

39 

40 

...do 

...do 

July    19 

...do 

...do 

5.12 
5.11 

4.  85 

41 

42       

4.87 
4.80 

43 

44 

...do 

...do... 

4.71 
4.64 

45 

...do  .. 

4.61 

46 

Julv    22 
...do 

4.56 

47.        

4.51 

48 

...do 

4.49 

49 

50  

...do 

...do 

4.44 
4.46 

51 

...do 

4.37 

ROUND   1,  GRAVEL  AGGREGATE,  GRADING   B,  TYPE   C    FINISHER 


52     

July   23 
...do 

1:2:334 

1:2:3)4 

1:2:334 

1:2:4 

1:2:4 

1:2:4 

1:2:434 

1:2:4)4 

1:2:4)4 

1:2:494 

1:2:494 

0.84 
.89 
.93 
.88 
.95 
.99 
.93 
.98 

1.04 
.96 

1.03 

94 
1)4 

2% 

VA 

2)4 
3 

m 

94 

2 

1)4 
234 

125 
135 
143 
127 
140 
142 
128 
126 
142 
122 
134 

5.60 

53 

5.54 

54 

55 

...do 

...do 

5.50 
5.21 

56 

57 

58 

...do 

...do 

Julv   24 
...do 

5.14 
5.10 
4.86 

59 

4.82 

60 

...do 

4.77 

61.. 

...do 

4.70 

62 

...do 

4.65 

August,  1931 
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Table  5. — Proportions  and  consistency  of  concrete — Continued 


ROUND  1,  GRAVEL  AGGREGATE,  GRADING  B,  TYPE  C  FINISHER- 

Continued 


ROUND  2,  GRAVEL   AGGREGATE,  GRADING  A,  TYPE  C  FINISHER— 

Continued 


Section  No. 

Date  laid 

(1929) 

Propor- 
tions 

Water- 
cement 
ratio 

Slump  in 
inches 

■Flow 

Theoreti- 
cal ce- 
ment fac- 
tor in 
sacks  per 
cubic 
yard 

63 

July  24 
July   25 
...do 

1 

1 
1 
1 
1 
1 

2:4% 

2:5 

2:5 

2:5 

2:54 

2:54 

1.10 
1.02 
1.10 
1.13 
1.05 
.98 

3 

X 

2 
3 

2 
0 

146 
122 
132 
148 
131 
115 

4.59 

64 

65 

4.53 
4.47 

66 

...do 

4.  45 

67 _ 

68 

...do 

...do 

4.  39 
4.44 

ROUND  1,  STONE  AGGREGATE,  GRADING  A,  TYPE  A  FINISHER 


69 

July    26 

70 

71 

72.. 

...do 

...do 

do 

73 

74 

75 

...do 

...do 

Julv    29 

76 

77 

78 

...do 

...do 

...do 

79 

...do 

80 

...do... 

81 

July   30 

82 

83 

.-do 

...do 

2:3', 

2:3'  , 

2  V, 

2:4 

2:4 

2:4 

2:44 

'-    »', 

2:414 

2:4', 

2:4}  2 

2:4'2 

2:44 

2:434 

2:4% 


0.84 
.81 
.75 
.84 
.90 
.80 
.88 
.94 
.85 
.85 
.90 
.94 
.87 
.91 


24 

133 

5.77 

14 

125 

5.81 

4 

110 

5.88 

14 

127 

5.42 

2k 

132 

5.36 

4 

112 

5.47 

4 

12(1 

5.22 

-"., 

146 

5.16 

X 

117 

5.25 

4 

120 

5.10 

I', 

123 

5.06 

m 

134 

5.02 

'-. 

115 

4.95 

14 

120 

4.91 

2 

133 

4.84 

ROUND  1,  STONE  AGGREGATE,  GRADING  B,  TYPE  A  FINISHER 


84. 
85. 


87. 


90. 
91. 
92. 
93_ 
94. 
95. 
96. 
97. 


July    30 

...do 

...do 

July   31 

..do 

..do 

...do 

...do 

..do 


Aug.      1 

..do 

..do 

..do 

-do..— 


1 

2:34 

0.85 

2 

138 

1 

2:34 

.81 

4 

116 

1 

2:3',, 

.89 

2% 

132 

1 

2:4 

.87 

1 

124 

1 

2:4 

.91 

1% 

138 

1 

2:4 

.94 

VA 

146 

1 

2:4}-i 

.89 

14 

130 

1 

2:4H 

.94 

2 

128 

1 

2:44 

.97 

■m. 

144 

1 

2:44 

.89 

0 

120 

1 

2:44 

.95 

1% 

132 

1 

2:44 

.99 

1 

150 

1 

2:434 

.92 

1% 

134 

1 

2:4% 

1.05 

2 

158 

5.81 
5.86 
5.76 
5.43 
5.39 
5.36 
5.25 
5.20 
5.17 
5.10 
5.05 
5.00 
4.95 
4.83 


ROUND  1,  STONE  AGGREGATE,  GRADING  A,  TYPE  C  FINISHER 


99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109- - 

110 

111 

112.. 


Aug.  2 
...  do— . 
..do..... 

-do 

.do..... 
do.... 


Aug.  5 

..do 

..do— . 

..do 

..do 

...do 


Aug. 

-do. 
.-do. 


2:34 

2:34 

2:34 

2:4 

2:4 

2:4 

2:4% 

2:44 

2: 4}4 

2:44 

2:44 

2:4i2 

2: 14 

2:44 

2:4'4 


0.83 
.88 
.81 
.85 
.90 
.95 
.87 
.94 
.87 
.91 
.95 
.99 
.92 
.99 

1.04 


1 

118 

14 

140 

'■■ 

118 

4 

120 

14 

135 

2'; 

145 

14 

122 

3 

144 

14 

122 

14 

128 

24 

130 

2'.. 

142 

Vi 

112 

14 

125 

242 

150 

5.78 
5.72 
5.81 
5.41 
5.36 
5.30 
5.23 
5.16 
5.23 
5.05 
5.00 
4.97 
4.90 
4.84 
4.  SO 


ROUND  1,  STONE  AGGREGATE,  GRADING  B,  TYPE  C  FINISHER 


113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 


Aug. 
-do. 
..do. 


Aug. 

-do.. 

-do._ 

-do„ 

-do.- 

-do._ 


Aug. 
..do. 
-do. 
—do. 
—do. 
— do, 


2:34 

2:3', 

2:3}2 

2:4 

2:4 

2:4 

2:44 

2:44 

2:44 

2:4', 

2:44 

2:44 

2;-' 

2: 

2:434 


0.85 
.89 
.92 
.91 
.87 
.94 
.97 
.91 
.85 
.89 
.95 
.98 
.96 
.94 

1.03 


m 

H 

3 
2 

1% 
m 
3 
2 
1 

4 
m 
3 

24 
24 
3 


127 
136 
155 
140 
144 
142 
156 
146 
118 
117 
138 
160 
147 
147 

1MI 


5.81 
5.76 
5.72 
5.39 
5.43 
5.36 
5.17 
5.23 
5.29 
5.10 
5.  05 
5.02 
4.  91 
4.  93 
4.85 


ROUND  2,  GRAVEL  AGGREGATE, 

GRADING  A,  TYPE  C   FINISHER 

128 

Aug.  9.. 

...do 

...do 

...do 

...do 

1 
1 

1 
1 
1 
1 
1 

2:34 

2:33, 

2:34 

2:4 

2:4 

2:4 

2:4', 

0.85 
.83 
.90 
.95 

.89 
.86 
.88 

14 
142 
2 
24 

24 
1 

13/2 

127 
122 
130 
152 
121 
124 
132 

5.57 

129. 

130 

131 

132. 

5.59 
5.51 
5.  10 
5. 16 

133.. 

...do 

5.  19 

134-. 

Aug.  14 

4.  87 

Section  No. 


Date  laid 
(1929) 


135 Aug.   14 

136 do.... 

137 ...do 

138 do 

139. 1. ..do 

140 Aug.   16 

141 !...do 

142 do 

143.. do 

144 ...do 

145 do 


Propor- 
tions 


2:4', 

2:4', 

2:44 

2:434 

2:134 

2:5 

2:5 

2:5 

2:54 

2:5k 


Water- 
cement 
ratio 


.  98 
.  112 
.91 
.96 

1.02 
.93 
.99 

1.02 
.94 
.98 

1.03 


Slump  in 
inches 


2 

2?4 

14 

2 

24 

14- 

2 

234 

14 

1% 

214 


Flow 


148 
147 
123 
13S 
151 
lis 
144 
130 
130 
119 
142 


Theoreti- 
cal ce- 
ment fac- 
tor in 
sacks  per 
cubic 
yard 


4.79 
1  84 
4  70 
4.66 
4.62 
4.56 
4.52 
4.  49 
1.  13 
4.40 
4.37 


ROUND  2,  GRAVEL  AGGREGATE,  GRADING  B,  TYPE  C   FINISHER 


146 

Aug.  16 

1:2:34 

0.84 

1 

122 

5.60 

147 

...do 

1:2:34 

.89 

14 

132 

5.54 

148 - 

...do 

1:2:34 

.94 

2% 

148 

5.49 

149        

...do 

1:2:4 
1:2:4 

.87 
.92 

4 

m 

117 
125 

5.22 

150 

...do 

5.17 

151- - 

...do 

1:2:4 

.97 

2 

129 

5.  12 

152 

Aug.  19 
...do 

1:2:4', 
1:2:4', 

1.03 
.98 

2 

14 

133 
123 

4.78 

153 

4.83 

154... .-.- 

...do 

1:2:44 

.99 

1 

124 

4.81 

155__. 

...do 

1:2:4% 

.94 

1 

111 

4.  72 

156...  •- 

...do 

1:2:434 

1.00 

2 

127 

4.67 

157_ 

...do 

1:2:4% 

1.05 

2% 

130 

4.  63 

158... -. 

Aug.  20 

1:2:5 

1.01 

14 

115 

4.54 

159- 

...do 

1:2:5 

1.07 

m 

129 

4.49 

160 

...do 

1:2:5 

1.13 

2% 

148 

4.45 

ROUND  2,  GRAVEL  AGGREGATE, 

GRADING  A,  TYPE  B  FINISHER 

161        

Aug.  21 

...do 

...do 

...do 

...do.... . 

...do 

Aug.  22 

...do 

...do 

1:2: 3} 2 

1:2:3', 

1:2:3', 

1:2:4 

1:2:4 

1:2:4 

1:2:44 

1:2:44 

1:2:44 

1:2:4% 

1:2:434 

1:2:434 

1:2:5 

1:2:5 

1:2:5 

1:2:54 

1:2:54 

1:2:54 

0.83 

.88 
.93 
.90 
.95 
.88 
.88 
.92 
.98 
.91 
.96 
1.02 
1.07 
.99 
.92 
1.03 
.98 
.94 

34 
1 
2 

14 
24 
1 
1 
14 

1% 

IX 

m 
2 
3 
1 

1 

2% 

1 
14 

124 
120 
136 
124 
132 
127 
115 
118 
124 
123 
124 
133 
152 
141 
124 
138 
130 
125 

5.58 

162 

163 

164 

165 

166 

167        

5.52 
5.47 
5.15 
5.10 
5.17 
4.87 

168 

169       

4.84 
4.79 

170 

171        

...do 

...do 

4.70 
4.66 

172 

173        

...do 

Aug.  23 
...do 

4.62 
4.46 

174        

4.52 

175 

176... 

177 - 

178 

...do 

...do 

...do 

...do...... 

4.57 
4.37 
4.40 

4.43 

ROUND  2,  GRAVEL  AGGREGATE,  GRADING  B,  TYPE  B  FINISHER 


179 

180 

181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 


Aug.  26 
..do— . 


.do.„ 
.do— 
.do. 
.do. 


Aug.  27 
..do— . 

..do 

— do— . 
.do. 

,1m 


Aug.  28 
__ do..... 
..do 


2:34 

0.89 

2:3', 

.85 

2:34 

.94 

2:4 

.97 

2:4 

.92 

2:4 

.87 

2:41  . 

1.04 

2:4'? 

.98 

2:4}., 

.94 

2:44 

1.05 

2:44 

1.00 

2:44 

.94 

2:5 

1.13 

2:5 

1.07 

2:5 

1.01 

2 

133 

1 

126 

24 

139 

24 

147 

14 

133 

% 

113 

.c, 

138 

14 

137 

1% 

124 

2 

145 

W 

139 

14 

125 

2Y, 

146 

1 

163 

1 

134 

5.54 

5.59 

5.49  . 

5.12 

5.17 

5.22 

4.77 

•1.  82 

4.86 

4.63 

4.67 

4.72 

4.  45 

4.49 

4.54 


ROUND   2,   STONE   AGGREGATE, 

GRADING  A,   TYPE  B   FINISHER 

194      

Aug.   29 

...do 

...do 

1:2:34 

1:2:34 

l:2:34i 

1:2:4 

1:2:4 

1:2:4 

1:2:44 

1:2:44 

1:2:44 

1:2   14 

1:2:44 

1:2:44 

1:2:43., 

1:2:454 

1:2:43., 

0.88 
.92 
.97 
.95 
.90 

1.00 
.94 
.99 
.89 
.  99 
.94 
.89 

1.04 
.99 
.93 

14 

2% 

4 

24 

14 

3 

VA 

3 

2 

2% 

24 

1% 

3% 

2% 

1H 

134 
156 
155 
146 
131 
157 
138 
157 
128 
169 
147 
137 
143 
146 
131 

5.  72 

195 ._ - 

196 

5.67 
5.61 

197                     __ 

.do.   .. 

5.  30 

198-. -- ---- 

199 

do 

.  .do 

5.  36 
5.  25 

200               

Aug.   30 

...do 

...do 

...do 

...do 

5. 16 

201.. 

202 

203 

204                   

5.11 

5.21 
4.97 
5.02 

205               - 

...do 

5.07 

206 - 

Sept.    3 

...do 

...do 

4.  so 

207 - 

208. 

4.  S4 
4.89 

69202—31- 
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Table  5. — Proportions  and  consistency  of  concrete — Continued 

ROUND  2,  STONE  AGGREGATE,  GRADING  B,  TYPE  B   FINISHER  ROUND  2,  STONE  AGGREGATE,  GRADING   B,  TYPE  C   FINISHER 


Section  No. 


209 

210 

211 

212 

213 

214 

215 

216 

217 

218 

219 

220 

221 

222 

223 


Date  laid 
(1929) 


Sept.  3 
...do.... 
...do.... 

Sept.  4 
...do.... 
...do.... 
...do.... 

...do 

...do 

Sept.    5 

...do 

...do--., 
-..do.-.. 
...do.__. 
...do... 


Propor- 
tions 


-  3', 

2:31-2 

2:3.1,. 

2:4 

2:4 

2:4 

2:44 

2:44 

2: 41 4 

2:415 

2:44 

2:41/-. 

2:4* 

2:4*„ 

2-1', 


Water- 
cement 
ratio 


0.92 
.87 


.92 
.87 

1.00 
.95 
.90 

1.05 
.99 
.91 


1. 


Slump  in 
inches 


24 
2 

m 

2 

134 
% 

24 

m 

34 

2U 

24 

4 

m 

2 


Flow 


150 
135 
134 
144 
142 
137 
160 
138 
142 
166 
162 
142 
170 
144 
135 


Theoreti- 
cal ce- 
ment fac- 
tor in 
sacks  per 
cubic 
yard 


5.72 
5.78 
5.82 
5.34 
5.38 
5.43 
5.14 
5.19 
5.24 
4.95 
5.01 
5.08 
4.80 
4.93 
4.96 


ROUND  2,  STONE  AGGREGATE,  GRADING  A,  TYPE  C   FINISHER 


224.. 

Sept.    6 

225 

226 

227 

...do 

...do 

...do 

228- 

...do 

229-.. 

_._do 

230.    . 

Sept.    9 

231 

232 

233 

234 

_..do 

...do 

...do 

...do  ... 

235-. _. 

...do.   . 

236.. 

Sept.  10 

237 _ 

238 

...do 

...do 

1 

2:34 

1 

2:34 

1 

2:34 

1 

2:4 

1 

2:4 

1 

2:4 

1 

2:414 

1 

2:414 

1 

2:4(4 

1 

2:44 

1 

2:4(4 

1 

2:4J4 

1 

2:4*4 

1 

2:4% 

1 

2:4*4 

0.97 

.92 

.85 

1.00 

.92 

.87 

.89 

.94 

.99 

.92 

.97 

1.02 

.93 

.99 

1.04 

4 

24 
14 

3-4 

24 

14 

14 

2 
3 

1X\ 

24 

24, 

2 

24 

34 


161 
156 
130 
150 
143 
130 
132 
143 
145 
135 
133 
138 
131 
145 
166 


5.61 
5.67 
5.76 
5.25 
5.34 
5.39 
5.21 
5.16 
5.11 
5.04 
4.99 
4.95 
4.89 
4.84 
4.80 


Section  No. 

Date  laid 
(1929) 

Propor- 
tions 

Water- 
cement 
ratio 

Slump  in 
inches 

Flow 

Theoreti- 
cal ce- 
ment fac- 
tor in 
sacks  per 
cubic 
yard 

239 

Sept.  10 

...do 

...do 

Sept.  11 

...do 

...do 

...do 

..do... 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2:34          0.84 
2:3^1            .87 
2:34            .92 
2:4                  87 

2 

24 

234 

14 

24 

m 
14 
2 

1 

X 

0 
34 

IX 

2 

24 

142 
147 
158 
123 
134 
154 
123 
130 
120 
128 
133 
.  145 
128 
138 
145 

5  82 

240- 

241 

242 

5.78 
5.72 
5  43 

243 

244 

245... 

246-. 

2:4 
2:4 
2:44 

2:44 
2-AH 
2:44 
2:4i/2 
2:44 
2:4*4 
2: 434 
2-AH 

.92 
.97 
.89 
.94 
.84 
.92 
.88 
.99 
.90 
.96 
.98 

5.38 
5.33 
5.25 
5  20 

247 

248 

...do 

Sept.  12 

...do 

...do 

.  do.   . 

5.30 
5.07 

249 _ 

250 

251 

5.11 
5.01 
4  96 

252 

253 

...do 

...do... 

4.91 
4.  89 

ROUND  1,  SLAG  AGGREGATE,   GRADING  A,  TYPE   C   FINISHER 


254 Sept.  13 

255. - j...do 

256_. 1. ..do 

257 do... 

258 i.-_do 

259 I,'. .do 

260 Sept.  16 

261. !...do.-- 

262 ...do 

263 _|...do.._ 

264_. ...do.... 

265 L._do... 

I 


1 

1 
2:34 

1 

2:34 

1 

2:31,. 

1 

2:4 

1 

2:4 

1 

2:4 

1 

2:414 

1 

2: 4V4 

1 

2:4i4 

1 

2:44 

1 

2:44 

1 

2:44 

0.87 
.92 
.83 
.87 
.92 
.99 
.94 
.99 
.92 
.98 

1.03 
.95 


p., 

126 

5.91 

1*4 

128 

5.84 

34 

115 

5.96 

4 

108 

5.57 

2 

124 

5.51 

-"4 

138 

5.43 

p., 

125 

5.34 

1*4 

114 

5.28 

1 

118 

5.36 

VX 

130 

5.15 

24 

128 

5.10 

m 

130 

5.18 

Table  6. — Results  of  strength  tests 

ROUND   1,   GRAVEL  AGGREGATE,  GRADING  A,  TYPE  A   FINISHER      ROUND  1,  GRAVEL  AGGREGATE,  GRADING  A,  TYPE  C  FINISHER 


Modulus  of  rupture  in  pounds 
per  square  inch 

Compressive  strength  in 
pounds  per  square  inch 

Section 

No. 

Propor- 
tions 

Beams 

Slabs, 
9  months 

Cylinders 

Cores, 

28  days 

9  months 

28  days 

10  months 

15  months 

1... 

1 

?-3U 

434 

468 
508 
427 
392 
434 
478 
489 
442 
404 
448 
460 
452 
454 
484 
448 
456 
388 

479 
581 
582 
515 
525 
471 
501 
649 
491 
453 
490 
434 
471 
458 
455 
409 
526 
460 

542 
573 
504 
554 
532 
520 
529 
575 
544 
530 
564 
497 
557 
529 
562 
500 
453 
535 

3,085 
2,940 
3,300 
2,900 
3,260 
2,475 
2,785 
2,940 

3,980 
3,900 
4,460 
3,940 
4,480 
3,460 
3,910 
3,950 

5,320 

2... 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2:34 

2:3,4 

2:4 

2:4 

2:4 

2:44 

2:44 

2:4;, 

2:4'4 

2:4*4 

2:4M 

2:5 

2:5 

2:5 

2:54 

2:54 

?-54 

4,780 

3 

4,920 

4 

4,660 

5 - 

5,120 

6 

3,950 

7 

4,700 

8 

5,400 

9 

2,410 

3,600 

4,290 

10 

2,250 
2,495 
3,145 
3,130 
2,330 
2,690 
2,340 
2,975 
2.100 

3,160 
3,260 
3,680 
3,880 
3,  130 
3,240 
3,210 
3,720 
3,040 

4,240 

11 

4,440 

12 

4,420 

13... 

4,320 

14 

4,270 

15 

4,140 

16 

3,920 

17. 

4,  420 

18 

3,900 

ROUND  1,  GRAVEL  AGGREGATE,  GRADING  B,  TYPE  A  FINISHER 


19 

20 
21 
22 
23 
24 
25 
26 
27. 
28 
29 
30 
31 
32 
33 


1 

2:34 

1 

2:34 

1 

2:34 

1 

2:4 

1 

2:4 

1 

2:4 

1 

2:44 

1 

2:44 

1 

2:44 

1 

2:4*4 

1 

2:4*4 

1 

2  »*, 

1 

2  5 

1 

2:5 

1 

2:5 

446 
491 
527 
518 
556 
457 
510 
489 
470 
458 
440 
491 
399 
lii'.t 
462 


624 

609 

661 

590 

602 

580 

614 

542 

593 

559 

653 

561 

605 

466 

585 

593 

554 

566 

519 

541 

561 

503 

506 

468 

478 

519 

660 

430 

642 

447 

3,310 
3,515 
3,590 
3,580 
3.730 
2,970 
3,660 
3,200 
3,210 
2,540 
3,415 
3.500 
2,470 
3.440 
3,  305 


5,000 
4,520 
4,530 
4,580 
4,670 
4,420 
4,  150 
4,160 
3,800 
3,740 
4,420 
4,410 
3,040 
4,750 
4,410 


Modulus  of  rupture  in  pounds 
per  square  inch 

Compressive  strength  in 
pounds  per  square  inch 

Section 
No. 

Propor- 
tions 

Beams 

Slabs, 
9  months 

Cylinders 

Cores, 

28  days 

9  months 

28  days 

10  months 

15  months 

34 

1 
1 
1 

1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2:34 

2:34 

2:3,4 

2:4 

2:4 

2:4 

2:44 

2:44 

2:4.1  2 

2:4*4 

2:4*4 

2:4*4 

2:5 

2:5 

2:5 

2:54 

2:5i., 

2:54 

482 
534 
544 
510 
523 
494 
522 
441 
426 
441 
448 
461 
411 
405 
396 
393 
386 
397 

662 
679 
701 

682 
670 
690 
500 
485 
525 
573 
488 
487 
479 
•   516 
538 
509 
562 
428 

583 
547 
583 
594 
511 
508 
452 
518 
540 
537 
535 
543 
537 
483 
520 
464 
432 
565 

3,360 
3.315 
3,360 
3,535 
3,165 
3,260 
3,280 
3,430 
2,755 
3,215 
3,185 
2,750 
3,095 
2,570 
2,430 
2,885 
3,305 
2,490 

4,600 
4,540 
4,310 
4,010 
4,080 
3,920 
3,980 
4,740 
4,040 
3.600 
3,820 
3,700 
3,540 
3,340 
2,800 
3,370 
4,380 
3,470 

5  170 

35 

4  820 

36 

5,020 
4  880 

37 

38 

4  740 

39 

4,840 
4,440 
4,450 
4  440 

40 

41 

42 

43 

4,600 
4,360 

44 

45 

4. 180 

46. 

4, 140 

47 

4  750 

48 

4,210 

49 

4, 100 

50 

4,580 

51 

4,420 

ROUND   1,  GRAVEL  AGGREGATE,  GRADING  B,  TYPE  C   FINISHER 


52. 

4,900  f. 

5, 100  ?!■ 

5, 260  iX 

5, 120  „ 

5, 080  *L 

4, 360  i£ 

4, 660  °X 

4, 960  °r 

3. 940  ™ 

4, 660  2f 

4,150  "■ 

4, 620  ?- 

4, 140  Z 

5,170  £6. 

4,770  % 


1 

2:34 

1 

2:3.1-2 

1 

2:3), 

1 

2:4 

1 

2:4 

1 

2:4 

1 

2:44 

1 

2:414 

1 

2:4'  . 

1 

2     1*4 

1 

2:1*, 

1 

2:4*4 

1 

2:5 

1 

2:5 

1 

2:5 

1 

2  .V4 

1 

555 
588 
491 
427 
519 
495 
490 
503 
470 
496 
407 
469 
371 
475 
474 
496 
436 


569 

447 

633 

571 

553 

572 

566 

585 

513 

555 

545 

579 

579 

451 

562 

516 

511 

551 

599 

537 

530 

536 

495 

547 

483 

413 

544 

477 

590 

535 

524 

501 

593 

448 

3,985 

4,300 

3,760 

4,280 

3,480 

4,110 

3,525 

4,190 

3,325 

3,980 

3,270 

3,900 

3,645 

4,370 

3,335 

4,280 

3,145 

3,740 

3,715 

4,200 

2,970 

3,750 

2,785 

3,410 

3,075 

3,810 

2,805 

3,450 

2,645 

3,190 

3, 110 

3,880 

3,175 

4,110 

4.310 
4,410 
4,640 
4,460 
4,430 
4,360 
4,230 
4,490 
4,470 
4.450 
4,220 
3,680 
4,390 
3,850 
3,760 
3,990 
3,980 


August.  1931 


PUBLIC    ROADS 


155 


Table  6. — Results  of  strength  tests — Continued 

ROUND  1,  STONE  AGGREGATE,  GRADING  A,  TYPE  A  FINISHER         ROUND  2,  GRAVEL  AGGREGATE,  GRADING   B,  TYPE   C   FINISHER 


Modulus  of  rupture  in  pounds 
per  square  inch 

Compressive  strength  in 
pounds  per  square  inch 

Section 
No. 

Propor- 
tions 

Beams 

Slabs, 
9  months 

Cylinders 

Cores, 

28  days 

9  months 

28  days 

10  months 

15  months 

69 

1 

2:3' • . 

611 
614 

721 

716 
810 
822 
735 
751 
793 
791 
788 
860 
880 
777 
738 
754 
786 
752 

732 
725 
690 
687 
697 
632 
725 
660 
708 
670 
700 
711 
657 
681 
678 

3,430          4,390            5,410 
3,  830  !         4,  600  !           5,  190 
3, 990           5, 020             5, 200 
3,  795           4  43(1  !           f.  010 

70 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2:3', 
2:3*3 

71 

72 

2:4     |            702 
2:4    |            632 
2:4     |            705 
2:4^1            637 
2:4*41             580 
2:4Jii            643 
2:4*5|            691 
2:4*5            647 
2:4M|            526 
2:43^,             506 
2:4M            474 
2:454           sin 

73 

74 

3,720 
3,890 
3,380 
2,685 
3  575 

4,500  !          4,860 
4,  710             5  190 

75.. 

3,980  |           4,920 

3,  500  '          4,  500 

4.  130               S  040 

76 

77 

78 

3,650  i         4,080             5,340 
3,335             4   140               4  780 

79 

80.. 

3,020 
3,070 
2,725 
2,420 

3  970             4  540 

81.... 

3,  720             4,  580 
4,050  '          4,910 
3  080               4  050 

82... 

83 

Propor- 
tions 

Modulus  of  rupture  in  pounds 
per  square  inch 

Compressive  strength  in 
pounds  per  square  inch 

Section 
No. 

Beams 

Slabs, 
9  months 

Cylinders 

Cores, 

28  days 

9  months 

28  days    10  months 

15  months 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 

1:2:3*3 

1:2:3*3 

1:2:3}$ 

1:2:4 

1:2:4 

1:2:4 

1:2:4^ 

1:2:4*3 

1:2:4*3 

1:2:454 

1:2:434 

1:2:434 

1:2:5 

1:2:5 

1:2:5 

520 
516 
519 
484 
497 
518 
450 
461 
475 
472 
470 
440 
426 
466 
440 

649 
482 
490 
548 
552 
482 
502 
563 
526 
526 
535 
482 
521 
497 
578 

568 
579 
621 
439 
568 
556 
541 
512 
519 
469 
464 
454 
540 
476 
501 

3, 915 
3,585 
3,680 
3,830 
3,765 
3,370 
3,065 
3,375 
3,175 
3,750 
3,255 
2,765 
3,220 
2,620 
2,715 

4,860 
4,550 
4,460 
4,970 
4,610 
4,200 
3,670 
4,100 
4,060 
4,260 
4,080 
3,580 
3,980 
3,440 
3,760 

4,620 
4,370 
4,510 
3,950 
4,450 
4,400 
3,840 
3,830 
4,000 
4,400 
3,960 
3,000 
3,840 
3,940 
3,720 

ROUND  1,  STONE  AGGREGATE,  GRADING  B,  TYPE  A  FINISHER        ROUND  2,  GRAVEL  AGGREGATE,  GRADING  A,  TYPE   B   FINISHER 


84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 


1 

2:3'-, 

541 

1 

2:3',, 

556 

1 

2:3', 

591 

1 

2:4 

592 

1 

2:4 

571 

1 

2:4 

769 

1 

2:4H 

568 

1 

2:4'4 

652 

1 

2:4*4 

577 

1 

2:4',, 

590 

1 

2:4', 

506 

1 

2:4'  ? 

587 

1 

2:4»4 

607 

1 

2:434 

561 

640 
713 
608 
724 
678 
631 
729 
739 
703 
746 
769 
742 
791 
603 


742 
653 
683 
714 
702 
711 
695 
732 


654 
678 
613 


3,385 
3,480 
2,940 
3,445 
2,910 
2,755 
3,380 
2,935 
2,590 
2,865 
2,655 
2,905 
3,  110 
2,035 


3, 930 

4,760 

4.670 

4,480 

3,860 

4,400 

3.900 

4,210 

3,770 

4,460 

3,430 

4,200 

4,010 

4,760 

3,890 

4,520 

3,320 

4,180 

3,840 

4,760 

3,  310 

4,710 

3,  180 

4,410 

3,920 

4,620 

3,060 

3,330 

ROUND  1,  STONE  AGGREGATE,  GRADING  A,  TYPE  C  FINISHER 


100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 


1:2:3*3 

1:2:3*3 

1:2:3*3 

1:2:4 

1:2:4 

1:2:4 

1:2:4*4 

1:2:4*4 

1:2:4*4 

1:2:4*3 

1:2:4*3 

1:2:4*5 

1:2:4*4 

1:2:454 

1:2:454 


655 
679 


628 
599 
531 
609 
783 
643 
695 
588 
549 
553 
532 


869 
807 

865 
786 
727 
762 
772 
739 
749 
715 
727 
727 
641 
698 
577 


670 

714 
694 
702 
725 
676 
652 
747 
662 
f.'.i  I 
739 
670 
712 
690 
672 


3,960 

4,530 

3,910 

4,380 

4,180 

4,680 

3,370 

4,510 

3,245 

4,300  ' 

3,565 

4,  190 

3,720 

4,520 

3,810 

4,040 

3,420 

4,440 

3,395 

4,560 

3,125 

4,110 

3,055 

3,640 

3,330 

4, 160 

2,940 

3,600 

2,090 

2,  740 

4,960 
4,620 
4,910 
4,780 
4,600 

4,  600 
4,620 
4,730 
4,920 

5,  490 
4,870 
4,070 
4,630 
4,670 
4,220 


ROUND  1,  STONE  AGGREGATE,  GRADING  B,  TYPE  C  FINISHER 


113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 


1:2:3*3 

569 

1:2:3*3 

621 

1:2:3*2 

514 

1:2:4 

559  | 

1:2:4 

608 

1:2:4 

566 

1:2:4*4 

538 

1:2:4*4 

467 

1:2:4*4 

522 

1:2:4*2 

559  ; 

1:2:4*5 

484 

1:2:4*3 

586 

1:2:434 

511 

1:2:454 

576  | 

1:2:454 

637 

613 
654 
521 
719 
622 
635 
613 
686 
672 
703 
682 
650 
621 
715 
480 


685 
703 
644 
664 
602 
676 
713 
645 
640 
583 
670 
666 
625 
666 


3,350 

3,850 

3,010 

3,760 

2,790 

3,620 

3,045 

4,220 

3,370 

4,180 

2,680 

3, 140 

2,595 

2,900 

3,140 

3,630 

3,355 

4,040 

2,890 

3,460 

2,330 

3,  070  ! 

2,580 

2,  SMI 

2,545 

3,  340 

2,780 

3,  580 

2,010 

2,320 

4,860 
4,770 
4,550 
4,310 
4,800 
4,640 
4,410 
4,620 
4,720 
4,420 
4,200 
3,880 
4,100 
4,500 
4,030 


ROUND  2,  GRAVEL  AGGREGATE,  GRADING  A,  TYPE   C   FINISHER 


128. 

129- 

130. 

131. 

132. 

133 

134. 

135. 

136. 

137. 

138. 

139. 

140. 

141- 

142. 

143. 

144. 

145. 


1:2:3*2 

469 

1:2:3*5 

430 

1:2:3*3 

475 

1:2:4 

443 

1:2:4 

476 

1:2:4 

412 

1:2:4*3 

449 

1:2:4*3 

475 

1:2:4*3 

463 

1:2:434 

490 

1:2:454 

471 

1:2:434 

476 

1:2:5 

514 

1:2:5 

452 

1:2:5 

519 

1:2:5*4 

488 

1:2:5*4" 

452 

1:2:5*4" 

477 

502 
492 
466 
440 
530 
498 
493 
516 
460 
450 
446 
470 
498 
440 
490 
468 
478 


540 

3,415 

4,050 

536 

3,525 

4, 140 

576 

3,145 

3,920 

543 

2,905 

3,760 

556 

3,030 

3,  440 

440 

3,260 

3,920 

505 

3,150 

3,410 

512 

3,020 

3,450 

528 

3,425 

3,890 

426 

3,255 

4,000 

501 

2,725 

3,320 

557 

2,280 

2,990 

544 

3,125 

3,740 

547 

2,715 

3,380 

553 

2,790 

3, 100 

532 

3,020 

3,640 

543 

2,975 

3,470 

535 

2,520 

3,060 

4,520 
4,380 
4,260 
4,  350 
4,270 
4,760 
4,220 
4,220 
4,080 
4,270 
4,160 
4,  010 
4,420 
3,920 
3,940 
4,610 
3,970 
3,860 


161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 


1:2:3*2 

1:2:3*2 

1:2:3*3 

1:2:4 

1:2:4 

1:2:4 

1:2:4*5 

1:2:4*3 

1:2:4*5 

1:2:454 

1:2:434 

1:2:454 

1:2:5 

1:2:5 

1:2:5 

1:2:5*4" 

1:2:5*4 

1:2:5*4 


492 
526 
533 
488 
538 
532 
509 
515 
466 
520 
488 
496 
465 
478 
456 
439 
422 
476 


550 
571 
538 
536 
518 
565 
494 
481 
495 
540 
516 
536 
509 
'391 
443 
470 
492 


605 
641 
545 
614 
574 
623 
609 
558 
623 
558 
555 
559 
567 
554 
524 
578 
514 
540 


3.900 
3,610 
3,  215 
3,  065 
3,  500 
3,820 
3.150 
3,225 
2,915 
3,205 
3,220 
2,840 
2,020 
2,265 
2,860 
2,515 
2.130 
2,325 


4,620 
4,380 
4,030 
4,320 
4,030 
4,600 
4,000 
4,080 
3,740 
3,980 
4,050 
3,700 
3,000 
2,780 
3,680 
2,980 
2,840 
3,440 


4,370 
4,480 
4,730 
4,560 
4,380 
4,000 
4,940 
4,520 
4,360 
4,060 
3,810 
4,160 
3,720 
3,940 
4,420 
3,800 
3,980 
4,130 


ROUND  2,  GRAVEL  AGGREGATE,  GRADING  B,  TYPE   B  FINISHER 


179 

ISO 

181 
182 
183 
184 
185 
186 
187 

INS 

189 
190 
191 
192 
193 


1:2:3*5 

488 

1:2:3*5 

490 

1:2:3*2 

446 

1:2:4 

470 

1:2:4 

461 

1:2:4 

530 

1:2:4*3 

475 

1:2:4*5 

542 

1:2:4*5 

503 

1:2:434 

490 

1:2:454 

506 

1:2:484 

474 

1:2:5 

432 

1:2:5 

452 

1:2:5 

399 

597 
606 
526 
526 
544 
552 
516 
468 
523 
546 
494 
508 
478 
486 
469 


640 

3,460 

4,470 

552 

3,800 

4,880 

608 

3,255 

4,240 

600 

3,210 

3,980 

564 

3,525 

4,460 

531 

4,140 

5,040 

574 

2,780 

3,640 

584 

3,130 

4,060 

504 

3,410 

4,200 

580 

2,860 

3,860 

560 

3,105 

4,100 

451 

3,  100 

3,490 

545 

2,250 

3,240 

482 

2,510 

3,540 

510 

2.525 

3,710 

4,170 
4,480 
4,080 
4,350 
4,260 
3,780 
3,840 
4,010 
4,070 
3,760 
4,220 
4,020 
3,770 
3,960 
3,680 


ROUND  2,  STONE  AGGREGATE,  GRADING  A,  TYPE  B  FINISHER 


I'M 
195 
196 
197 
198 
199 

.'I  HI 

201 
202 
203 
204 
205 
206 
207 

.'I  IV 


1:2:3*3 

1:2:3*2 

1:2:3*2 

1:2:4 

1:2:4 

1:2:4 

1:2:4*4 

1:2:4*4 

1:2:4*4 

1:2:41.5 

1:2:4*2 

1:2:4.1, 

1:2:4»4 

1:2:4^' 

1:2:454 


772 

706 

692 

710 

639 

646 

710 

700 

662 

747 

620 

696 

643 

602 

602 

634 

575 

628 

632 

568 

626 

590 

620 

714 

618 

718 

633 

694 

593 

711 

716 

3,450 

736 

3,540 

748 

2,975 

766 

2,865 

702 

3, 170 

743 

2,815 

665 

2,905 

778 

2,425 

676 

3,355 

741 

2,845 

685 

2,910 

684 

3,185 

683 

2,340 

731 

2,680 

702 

2,760 

4,820 
4,430 
3,830 
4,000 
4,340 
3,780 
3,820 
3,300 
4,420 
3,660 
4,000 
3,980 
3,260 
3,560 
3,660 


4,890 
4,770 
4,740 
4,830 
4,680 
4,810 
4,650 
4,370 
4.760 
4,620 
4.730 
4,860 
4,140 
4,280 
4,380 


ROUND  2,  STONE  AGGREGATE,  GRADING  B,  TYPE  B  FINISHER 


209 

1:2:313 

604 

597 

727 

2,890 

4,110 

4,360 

210 _ 

1:2:3*3 

602 

676 

714 

3,000 

4,080 

4,580 

211 

1:2:3', 

703 

746 

670 

3,300 

4,290 

4,740 

212.. 

1:2:4 

620 

749 

686 

2,750 

3,260 

4,390 

213 

1:2:4 

593 

688 

716 

2,710 

3,460 

4,120 

214 

1:2:4 

616 

760 

716 

2,950 

3,780 

5,000 

215 

1:2:4*4 

577 

704 

736 

2,070 

2,840 

4,080 

216 

1:2:4*4 

565 

737 

708 

2,  740 

3,600 

4,350 

217. 

1:2:4*4 

590 

714 

638 

3,000 

t.  Kill 

4,260 

218 

1:2:4*2 

576 

621 

696 

1,830 

2,830 

3,660 

219 

1:2:4*2 

566 

592 

716 

2,020 

2,560 

4.200 

220. 

1:2:4*5 

609 

772 

703 

2,700 

3,570 

4,200 

221. 

1:2:454 

565 

700 

734 

1,590 

2,040 

3,670 

222 

1:2:4*4 

622 

756 

701 

2,410 

3.000 

4,400 

223 

1:2:454 

632 

750 

651 

2,900 

3,400 

4,700 

i  One  beam  only. 
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Table  6. — Results  of  strength  tests — Continued 

ROUND  2,  STONE  AGGREGATE,  GRADING  A,  TYPE  C  FINISHER 


Section 
Xo. 

Propor- 
tions 

Modulus  of  rupture  in  pounds 
per  square  inch 

Compressive  strength  in 
pounds  per  square  inch 

Beams 

Slahs. 
9  months 

Cylinders 

Cores, 

28  days 

9  months 

28  days 

10  months 

15  months 

224 

225 

226. 

227 

228 

229 

230 

231 

232 

233 

234 

235 _. 

236 _. 

237 

238 

1:2:3; 2 

1:2:31  > 

l:2:3i/$ 

1:2:4 

1:2:4 

1:2:4 

1:2:4)4 

1:2:414 

1:2:414 

1:2:4.' 2 

1:2:4)2 

1:2:432 

1:2:4% 

1:2:4% 

1:2:45* 

603 
567 
603 
646 
598 
593 
584 
588 
543 
614 
586 
504 
556 
590 
557 

680 
735 
686 
706 
682 
684 
812 
790 
772 
651 
812 
728 
656 
716 
626 

691 
736 
730 
752 
691 
700 
662 
723 
737 
687 
701 
650 
700 
665 
772 

2.  750 
2,890 
2,930 
2.700 
2,870 
2,920 
3,220 
2,900 
2,480 
2.9M] 
2,690 
2,430 
2,880 
2,510 
2,140 

3,500 
3,940 
3,820 
3,320 
3.640 
4,380 
4,410 
4,060 
3,760 
4,140 
3,820 
3,360 
4,020 
3,720 
2,930 

4,420 
4,460 
4,  660 
4,180 
4,420 
4,450 
4,800 
4,410 
4,500 
4,  580 
4,300 
4,200 
4,290 
4,320 
3.940 

ROUND  2.  STONE  AGGREGATE,  GRADING  B.  TYPE  C  FINISHER 


239. 
240. 
241. 
242. 
243. 
244. 
245. 
246. 
247. 
248. 
249. 
250. 
251. 
252. 
253. 


1:2: 3,1 2 

660 

802 

726 

3,170 

4,260 

l:2:3i2 

577 

684 

761 

2,850 

4,020 

1:2:3)2 

662 

631 

690 

2,540 

3,  520 

1:2:4 

636 

772 

739 

3,060 

3,860 

1:2:4 

608 

678 

702 

2,700 

3,770 

1:2:4 

623 

686 

708 

2,430 

3,260 

1:2:41,4 

629 

698 

691 

2,720 

3,840 

1:2:4'4 

578 

704 

726 

2,190 

3,570 

1:2:414 

665 

762 

605 

3,290 

4,440 

1:2: 4) 2 

664 

696 

726 

2,350 

3,080 

1:2:4' 2 

656 

711 

675 

2,730 

3,200 

1:2:41-2 

553 

596 

724 

2,090 

2,770 

1:2:4% 

610 

698 

611 

2,770 

3,120 

1:2:4% 

554 

675 

700 

2,370 

3,120 

1:2:4% 

565 

734 

701 

2,360 

2,920 

4,690 
4,320 
4,840 
5,150 
4.880 
4,720 
5,180 
4,760 
5,000 
4,900 
5.  080 
4,690 
4,930 
4,760 
4,760 


ROUND  1,  SLAG  AGGREGATE,  GRADING  A,  TYPE  C  FINISHER 


254. 
255. 
256. 
257. 
258. 
259. 
260. 
261. 
262. 
263. 
264. 
265. 


l:2:3.i2 

623 

618 

650 

3.160 

4,290 

l:2:3;-2 

598 

620 

679 

3,300 

4,040 

1:2:3)2 

604 

584 

603 

3.740 

4,500 

1:2:4 

598 

586 

642 

3,480 

4,660 

1:2:4 

579 

630 

592 

3,080 

4,220 

1:2:4 

603 

623 

668 

2,620 

4, 150 

1:2:4m 

553 

616 

635 

2,830 

3,860 

1:2:4}4 

551 

624 

636 

2,530 

3,760 

1:2:4!4 

618 

646 

650 

3, 130 

4,460 

1:2:41-2 

570 

593 

592 

2,770 

3,780 

1:2:4).. 

516 

580 

653 

2,600 

3,520 

1:2:41-2 

547 

620 

576 

2,950 

4,300 

4.800 
4,940 
4,890 
4,880 
4,190 
4,440 
4,660 
4.760 
5,110 
4,  660 
4,700 
4.710 


RELATION  BETWEEN  STRENGTH  OF  CONCRETE  AND  MIX 

The  average  results  of  strength  tests  on  the  concrete 
for  each  grading  of  aggregate  for  each  mix  are  shown  in 
Table  7.  The  average  results  of  all  tests  for  each  aggre- 
gate are  plotted  in  graphic  form  in  Figures  10,  11,  and 
12.  Each  plotted  value  in  these  figures  represents  the 
average  of  all  tests  for  the  particular  mix  and  type  of 
aggregate  indicated.  In  the  case  of  gravel  and  stone, 
each  point  therefore  represents  the  average  of  tests  on 
24  sections,  except  the  1:2:5)4  mix,  gravel,  which  rep- 
resents 14  sections,  and  the  1:2:4%  mix,  stone,  which 
represents  23  sections.  In  the  case  of  slag,  each  point 
represents  the  average  of  tests  on  only  three  sections. 
Twenty-eight  day  and  nine-month  tests  on  control 
specimens  for  each  section  are  the  average  of  tests  on 
two  beams  and  two  cylinders.  The  tests  on  the  slabs 
are  the  average  of  the  four  beams  taken  from  the  sec- 
tion and  the  tests  on  the  cores  are  the  averages  of 
tests  of  two  cores  drilled  from  the  section.  Each  point, 
therefore,  with  the  exceptions  noted  above,  becomes 
the  average  of  48  individual  tests  in  the  case  of  the 
beams,  cores,  and  cylinders  and  the  average  of  96  indi- 
vidual tests  in  the  case  of  the  pavement  slabs. 

Let  us  first  examine  Figure  10,  on  which  the  results 
for  the  gravel  concrete  are  plotted.  A  fairly  consistent 
decrease  in  both  flexural  and  compression  strength  is 
noted  for  increases  in  the  percentages  of  coarse  aggre- 
gate in  the  mix.     It  will  be  observed,  however,  that, 


Table  7. —  Water-cement  ratio,  cement  factor,  and  strength  tests  l 

GRAVEL,  GRADING  A 


Water- 
cement 
ratio 
by 
volume 

Theo- 
retical 
cement 
factor 

Modulus  of  rupture  in 
pounds  per  square  inch 

Compressive  strength  in 
pounds  per  square  inch 

Proportions 

Beams 

Slabs, 

9 
months 

Cylinders 

Cores, 

15 
months 

per 
cubic 
yard 

28 
days 

9 
months 

28 
days 

10 
months 

1:2:3)2.. 

1:2:4... 

1:2:4)2._ _. 

1:2:4% 

0.86 
.91 
.92 
.96 
.98 
.97 

5.53 
5.15 

4.84 
4.67 
4.52 
4.41 

492 
472 
473 
467 
458 
435 

567 
554 
499 
490 
477 
483 

565 
547 
541 
530 
540 
516 

3, 350 
3,180 
3,040 
2,880 
2,680 
2,630 

4,240 
4,000 
3.900 
3. 600 
3,300 
3,380 

4,730 
4,590 
4,500 
4,230 

1:2:5 

1:2:5)4 

4,180 
4,140 

GRAVEL,  GRADING  B 


1:2:3H 

1:2:4.. 

1:2:4)4-- 

1:2:4%-- 

1:2:5 

1:2:5)4' 


0.89 

5.54 

506 

582 

578 

3,620 

4,520 

.92 

5.17 

494 

557 

553 

3,520 

4,420 

.99 

4.81 

486 

541 

532 

3,260 

4,040 

1.01 

4.67 

468 

525 

509 

3,140 

3,940 

1.05 

4.51 

439 

536 

494 

2,800 

3,690 

1.02 

4.42 

466 

558 

475 

3.140 

4,000 

4,570 
4.420 
4,200 
4,150 
4,080 
3,980 


STONE.  GRADING  A 


1:2:3H 

1:2:4 

1:2:4)4 

l:2:4J/2 

1:2:4% 


0.87 

5.73 

654 

754 

715 

3,480 

4,330 

.91 

5.35 

648 

730 

706 

3,240 

4,180 

.92 

5.18 

615 

744 

700 

3,160 

4,030 

.94 

5.02 

614 

718 

694 

3,050 

3,960 

.97 

4.86 

556 

694 

695 

2.660 

3,540 

4,850 
4,700 
4,680 
4,700 
4,370 


STONE,  GRADING  B 


1:2:3)2-. 
1:2:4... 
1:2:4%-. 
l:2:m- 
1:2:4%  ' 


0.87 

5.78 

600 

658 

700 

3,060 

4,000 

.91 

5.39 

614 

695 

694 

2,900 

3,680 

.92 

5.22 

576 

705 

683 

2,840 

3, 690 

.95 

5.04 

578 

690 

677 

2,500 

3,150 

.97 

4.90 

584 

684 

668 

2,450 

3,  070 

4,620 
4,570 
4,570 
4,430 
4,350 


SLAG,  GRADING  A 


1:2: 3.1.2- . 

1:2:4 

1:2:4)4 

1:2:4)4 


0.87 

5.90 

608 

607 

644 

3. 400 

4,280 

.93 

5.50 

593 

613 

634 

3,  060 

4,340 

.95 

5.33 

574 

629 

640 

2,830 

4,030 

.99 

5.14 

544 

598 

607 

2,770 

3,870 

4,900 
4,500 
4,840 
4,690 


1  Except  where  otherwise  indicated,  each  value  is  the  average  for  12  sections  in  the 
case  of  gravel  and  stone  and  3  sections  in  the  case  of  slag. 

2  2  sections  only. 

3 11  sections  only. 

whereas  the  flexure  specimens  show  about  the  same 
percentage  of  decrease  for  the  slabs  at  nine  months  as 
for  the  beams  at  28  days  and  9  months,  the  cores  tested 
in  compression  at  15  months  show  a  somewhat  smaller 
rate  of  decrease  than  the  cylinders  at  either  28  days  or 
10  months.  It  will  be  observed  also  that  the  percentage 
of  increase  in  strength  from  28  days  to  9  months  in  the 
case  of  the  beams  and  from  28  days  to  10  months  in  the 
case  of  the  cylinders  is  approximately  the  same  for  all 
mixes,  although  the  average  percentage  of  increase  is 
greater  in  the  case  of  the  compression  tests.  A  very 
close  agreement  is  shown  between  the  results  of  beam 
and  slab  tests  at  nine  months  for  all  mixes.  The  data 
indicate  that  in  general  the  results  of  tests  on  beam, 
control  specimens  may  be  considered  to  represent  very 
closely  the  strengths  of  the  slabs.  However,  these  are 
average  relations  and  it  will  be  shown  later  during  the 
discussion  of  the  individual  test  results  that  such  close 
agreement  does  not  apply  under  all  conditions. 

Unfortunately  it  was  impossible  to  test  the  cores  at 
the  same  age  as  the  10-months  cylinders,  so  that  an 
accurate  comparison  in  compression  can  not  be  made. 
The  observed  increase  in  cylinder  strengths  from  28 
days  to  10  months  would  indicate,  at  least  in  the  case  of 
the  richer  mixtures,  a  probable  further  increase  to 
approximately  the  strengths  obtained  from  the  cores  at 
15  months.     It  is  difficult  to  predict  just  what  the  rela- 
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A  SLABS  9  MONTHS 
■  BEAMS  9  MONTHS 
□    BEAMS    28   DAYS 


X- 

•  ■ 
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■X   CORES    15  MONTHS 

-•    CYLINDERS    10  MONTHS 

■O   CYLINDERS   28  DAYS 
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Figure  10. — Relation  Between  Strength  of  Gravel  Concrete  and  Mix 
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tion  would  have  been  for  the  mixes  containing  larger 
quantities  of  coarse  aggregate,  because  of  the  fact  that 
the  cylinder  strengths  decreased  with  increase  of  coarse 
aggregate  at  a  somewhat  greater  rate  than  the  core 
strengths.  In  general,  the  data  from  the  gravel  con- 
crete group  seem  to  indicate  that  the  results  of  tests  on 
molded  cylinders  are  a  fair  indication  of  the  crushing 
strength  of  the  concrete  in  the  pavement. 

The  corresponding  values  for  the  crushed  stone 
concrete  are  shown  in  Figure  11.  The  same  general 
trends  are  noted  as  in  the  case  of  the  gravel  concrete. 
The  average  reduction  in  nexural  strength  for  a  cor- 
responding increase  in  coarse  aggregate  content  does 
not,  however,  appear  to  be  as  great.  For  instance,  in 
the  case  of  the  crushed-stone  slabs,  an  increase  in  coarse 
aggregate  from  3%  to  4%  parts  resulted  in  a  decrease  in 
modulus  of  rupture  of  only  26  pounds  per  square  inch, 
or  approximately  4  per  cent.  (See  also  Table  7.)  The 
corresponding  reduction  for  the  gravel  concrete  was  52 
pounds  per  square  inch,  or  about  9  per  cent.  A  similar 
increase  in  the  amount  of  coarse  aggregate  reduced  the 
crushing  strength  of  the  stone  concrete  cores  380  pounds 
per  square  inch,  or  8  per  cent,  and  the  gravel  concrete 
460  pounds  per  square  inch,  or  10  per  cent.  There  is 
not  the  same  agreement  between  results  of  9-month 
beam  and  slab  strengths  for  the  stone  concrete  as  for 
the  gravel  concrete.  This  is  particularly  true  of  the 
1 :2 :4%  mix.  In  the  case  of  stone  concrete  the  relation 
between  flexural  strength  and  mix  is  more  consistent 
for  the  slabs  than  for  the  beams,  possibly  because  of  the 


difficulty  of  molding  uniform  beam  specimens  of  com- 
paratively small  section  (7  inches  by  7  inches)  when  an 
angular  aggregate  is  used. 

Comparing  now  the  results  of  compression  tests  on 
the  stone  concrete,  as  shown  in  Figure  11,  with  tht 
corresponding  values  in  Figure  10,  one  will  observe  that 
the  difference  between  cylinder  strengths  at  10  months 
and  core  strengths  at  15  months  is  considerably  greater 
than  for  the  gravel  concrete,  although,  as  in  the  case  of 
the  gravel  concrete,  the  rate  of  decrease  with  increased 
percentages  of  coarse  aggregate  is  greater  for  the  cylin- 
ders than  for  the  cores.  Since  the  average  curing  con- 
ditions and  other  factors  which  might  affect  the  rate  of 
increase  in  strength  were  similar,  it  seems  reasonable  to 
assume,  in  the  case  of  the  stone  concrete,  that  the 
cylinders  would  not  have  increased  in  strength  between 
10  and  15  months  at  any  greater  rate  than  the  gravel 
concrete.  This  would  indicate  the  possibility  that  in 
the  case  of  the  crushed  stone  concrete,  the  core  strengths 
at  a  given  age  might  have  been  somewhat  higher  than 
the  control  cylinder  strengths.  The  difference,  if  any, 
would  have  been  relatively  small. 

Relations  between  the  strength  of  the  slag  concrete 
and  mix  are  shown  in  Figure  12.  As  has  been  indicated, 
each  value  in  this  case  represents  the  average  of  tests  on 
three  slabs  only,  the  only  variable  for  each  proportion 
being  the  consistency.  Type  C  finisher  only  was  used 
with  A  grading  for  the  slag.  In  spite  of  the  fact  that 
the  results  are  not  so  consistent  as  for  the  other  aggre- 
gates, the  same  general  trends  may  be  observed.     The 
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-Relation  Between  Strength  of  Stone  Concrete  and  Mix 


most  puzzling  deviations  are  the  beam  tests  at  9  months 
for  the  1:2 :3K  and  1:2:4  mixes.  There  appears  to  be 
no  explanation  for  these  low  values,  nor  for  the  erratic 
results  in  compression  for  the  1:2:4  mix  at  10  months 
and  15  months.  It  seems  reasonable  to  assume  that 
these  erratic  results  are  purely  accidental  and  that  much 
more  consistent  values  would  have  been  obtained  had 
a  larger  number  of  specimens  been  tested. 

RELATION    BETWEEN    STRENGTH    OF    CONCRETE    AND    CEMENT 

FACTOR 

The  average  results  for  flexural  and  compressive 
strength  which  have  just  been  discussed  from  the  stand- 
point of  mix  are  plotted  in  Figures  13.  14,  and  15  against 
the  cement  content  in  bags  per  cubic  yard  of  concrete 
resulting  from  the  arbitrary  proportions  which  were 
used.  It  seemed  desirable  to  study  the  data  from  this 
standpoint  because  of  the  difference  in  cement  factor 
for  a  given  nominal  mix  caused  by  difference  in  the  voids 
in  the  coarse  aggregate.  Reference  to  Table  2  will  show 
that,  for  the  same  grading,  the  gravel  contained  5  per 
cent  less  voids  than  the  crushed  stone  and  9  per  cent 
less  voids  than  the  crushed  slag.  These  differences  are 
reflected  in  a  variation  in  yield  of  concrete  to  the  extent 
of  approximately  0.2  bag  per  cubic  yard  in  the  case  of 
gravel  compared  with  crushed  stone  and  about  0.35 
bag  per  cubic  yard  in  the  case  of  gravel  compared  with 
slag.  (See  also  Table  7.)  This  difference  is,  of  course, 
due  to  the  fact  that  the  base  proportions  were  deter- 


mined by  bulk  volume.  For  identical  proportions  by 
absolute  volume  the  yields  would  have  been  the  same 
regardless  of  the  difference  in  void  content  of  the  different 
aggregates. 

Certain  interesting  relationships  may  be  pointed  out. 
For  instance,  from  Figures  13  and  14  it  is  seen  that  for 
the  flexure  specimens  and  for  the  cores  the  decrease  in 
strength  with  reductions  in  cement  content  progresses 
at  a  fairly  uniform  rate,  whereas  in  the  case  of  the 
cylinders,  the  rate  of  reduction  in  the  strength  of  the 
concrete  increases  as  the  cement  content  is  reduced. 
This  applies  to  both  the  gravel  and  the  stone  concrete. 
For  a  variation  in  coarse  aggregate  from  3%  to  4^  parts, 
which  is  the  extreme  range  for  the  stone  concrete,  the 
average  decrease  in  flexural  strength  of  slab  (the 
average  including  both  stone  and  gravel  concrete)  is 
about  6  per  cent  (see  Table  7).  The  corresponding 
average  decrease  in  cement  content  is  approximately 
15  per  cent.  The  same  increase  in  coarse  aggregate 
reduced  the  average  crushing  strength  of  the  cores 
about  9  per  cent  with  the  same  decrease  in  cement  fac- 
tor. Attention  is  called  to  the  fact  that  the  reduction 
in  strength  with  increasing  quantities  of  coarse  aggre- 
gate in  the  mix  is,  according  to  the  water-cement  ratio 
theory,  caused  by  the  dilution  of  the  cement  paste, 
which  in  turn  is  brought  about  by  increasing  the  water 
content  in  order  to  maintain  workability.  This  phase 
of  the  matter  is  discussed  in  the  next  section. 
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Figure  12. — Relation  Between  Strength  of  Slag  Concrete  and  Mix 


RELATION  BETWEEN  STRENGTH  AND  WATER-CEMENT  RATIO 

The  effect  on  strength  of  change  in  the  water-cement 
ratio  brought  about  by  increasing  the  quantity  of 
coarse  aggregate  is  shown  in  Figures  16  and  17.  The 
values  for  water-cement  ratio  indicated  in  these  charts 
are  approximate  net  water  ratios  after  correctng  for 
absorption  of  water  by  the  sand  but  without  making 
any  correction  for  absorption  by  the  coarse  aggregate. 
The  coarse  aggregates  were  assumed  to  be  in  a  saturated 
surface-dry  condition  when  used  and  hence  no  correction 
should  be  made  in  calculating  the  net  water  ratio. 
On  the  other  hand  the  total  amount  of  water  used  in 
the  concrete  as  reported  in  Table  7  was  determined 
by  adding  the  total  water  carried  by  the  sand  to  the 
quantity  introduced  at  the  mixer.  This  would  of  course 
require  a  correction  to  take  care  of  absorption  in  the 
sand.  Based  on  0.7  per  cent  absorption  this  correction 
amounts  approximately  to  0.02  so  that  the  net  water- 
cement  ratios  shown  on  the  charts  are  0.02  lower  than 
the  average  values  calculated  from  Table  7. 

It  wras  found  impossible  to  determine  accurately  the 
absorption  in  the  slag.  Niether  does  it  appear  possible 
to  assume  that  the  slag  was  in  a  saturated  surface  dry 
condition  when  used.  For  these  reasons  values  for 
net  water  ratio  for  the  slag  concrete  were  not  calculated 
and  no  chart  is  shown  for  this  material. 

Examination  of  Figures  16  and  17  reveals  the  conven- 
tional relation  between  water-cement  ratio  and  strength. 
It  will  be  observed  also  that,  for  a  given  water-cement 


ratio,  the  crushing  strengths  of  the  stone  concrete  cores 
are  approximately  the  same  as  those  of  the  gravel  con- 
crete cores,  whereas,  in  the  case  of  the  control  cylinders, 
the  gravel  concretes  show  considerably  higher  crushing 
strengths  than  the  stone  concretes.  The  difference 
appears  also  to  become  greater  as  the  water-cement 
ratio  increases. 

In  flexure  the  crushed  stone  concrete,  for  equivalent 
water  ratios,  is  considerably  higher  in  both  beam  and 
slab  strength,  probably  because  of  certain  aggregate 
characteristics  inherent  in  these  particular  materials. 

EFFECT  OF  TYPE  OF  FINISHING  MACHINE 

The  average  values  for  modulus  of  rupture  of  the 
slabs  and  crushing  strength  of  the  cores  have  been 
plotted  by  types  of  finishing  machine  in  Figures  18  and 
19.  The  data  were  taken  from  Tables  8  and  9.  In 
these  charts  each  plotted  value  represents  the  average 
of  tests  on  six  test  sections,  in  the  case  of  types  A  and 
B  finisher,  and  twelve  test  sections  in  the  case  of  type  C 
finisher,  except  for  the  1:2:5%  mix,  gravel  concrete, 
and  the  1:2:4%  mix,  stone  concrete. 

According  to  these  curves,  the  type  B  finisher  gives 
higher  results  in  flexure  than  either  type  A  or  type  C. 
In  compression  on  the  other  hand,  type  A  is  high  and 
type  B  low.  These  comparisons  apply  to  both  types 
of  aggregate  although  the  high  values  for  both  flexure 
and  compression  are  more  pronounced  in  the  case  of 
the  gravel  concrete  than  for  the  stone.     It  will  be  re- 
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46      4.4 


called  that  the  flexure  tests  were  made  on  the  slabs 
with  the  load  applied  on  top  and  with  the  bottom  in 
tension.  It  seems  rather  difficult  to  explain  just  why 
type  B  finisher  should  have  given  values  for  modulus 
of  rupture  higher  than  either  of  the  other  types.  This, 
it  will  be  recalled,  was  a  single-screed  machine  and  there 
seems  at  first  sight  no  reason  why  it  should  have  com- 
pacted the  concrete  any  more  thoroughly  than  the 
double  screed.  However,  the  screed  on  the  type  B 
machine  was  tilted  slightly  by  raising  the  front  of  the 


screed  about  one-half  inch,  whereas  the  screeds  on  the 
type  C  machine  were  flat.  The  tilted  screed  might 
possibly  have  a  tendency  to  compact  the  concrete 
slightly  more  than  a  screed  of  the  type  C  design. 

In  order  to  determine  whether  the  relatively  high 
values  of  modulus  of  rupture  for  type  B  finisher  might 
have  been  due  to  some  other  factor,  as  for  instance 
more  favorable  curing  conditions,  the  average  results 
of  the  slab  tests  for  each  mix,  grading,  and  type  of  finisher 
have  been  compared  directly  with  the  average  results 


Table  8.- — -Effect  of  type  of  finishing  machine  on  strength  of  gravel  concrete  ' 

MODULUS  OF  RUPTURE  OF  SLABS  AT  9  MONTHS,  IN  POUNDS  PER     COMPRESSIVE  STRENGTH  OF  CORES  AT  15  MONTHS,  IN  POUNDS 
SQUARE  INCH  PER  SQUARE  INCH 


Finisher  used 

Grading 

Propor- 
tions 

Type  A, 
round  1 

TypeB, 
round  2 

TypeC 

Round  1 

Round  2 

A 

1 
1 

1 
1 
1 
1 
1 
1 
1 
] 
1 
1 

2:3^ 

2:4 

2:4H 

2A*i 

2:5 

2:5^ 

2:3H 

2:4 

2:4^ 

-'t', 

2:5 

2:5M 

540 
535 
549 
530 
549 
496 
593 
554 
542 
504 
465 

597 
604 
597 
557 
548 
544 
600 
565 
554 
530 
512 

571 
535 
506 
538 
513 
487 
530 
573 
506 
540 
475 
M75 

551 
513 
515 

B 

495 

548 
537 
589 
521 

524 

2  462 
526 

* 

"""7 

'  Kvcept  where  otherwise  indicated,  each  value  is  the  average  for  12  specimens  in 
the  case  of  modulus  of  rupture  and  6  specimens  in  the  case  of  compressive  strength. 
1  Average  of  11  specimens. 


Finisher  used 

Grading 

Propor- 
tions 

Type  A, 
round  1 

Type  B, 
round  2 

Type  C 

Round  1 

Round  2 

A -- 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2:3M 
2:4 

2:4K2 

2:4?4 

2:5 

-' :.'.'. 

2:3^ 

2:4 

2:4H 

2:434 

2:5 

2:5H 

5, 010 
4,580 
4.800 
4,370 
4,240 
4,080 
5,090 
4,850 
4,520 
4,480 
4,690 

4,530 
4,510 
4,610 
4,010 
4,030 
3,970 
4,240 
4,130 
3,970 
4.000 
3,800 

5,000 
4,820 
4.440 
4,380 
4,370 
4,370 
4,450 
4,420 
4,400 
4.120 
4,000 
'  3,  980 

4,390 
4,460 
4,170 

B 

4,090 
4,150 
4,500 
4,270 
3,890 

3,830 

<  A  verage  of  8  specimens. 
*  Average  of  4  specimens. 
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Figure  14. — Relation  Between  Strength  of  Stone  Concrete  and  Cement  Factor 

Table  9. — Effect  of  type  of  finishing  machine  on  strength  of  stone  concrete  ' 

MODULUS  OF  RUPTURE  OF  SLABS  AT  9  MONTHS,  IN  POUNDS  PER      COMPRESSIVE  STRENGTH  OF  CORES  AT  15  MONTHS,  IN   POUNDS 
SQUARE  INCH  PER  SQUARE  INCH 


Propor- 
tions 

Finisher  used 

Grading 

Type  A, 
round  1 

TypeB, 

round  2 

TypeC 

Round  1 

Round  2 

A 

[     1:2:3^ 
1:2:4 
U2:4}4 
1:2:4& 

1     l:2:4k 
1:2:3H 
1:2:4 

\     1:2:4k 
1:2:4>2 

1     1:2:4^ 

715 
672 
698 
694 
672 
693 
709 
698 
655 
'646 

733 
737 
706 
703 
7(15 
704 
706 
694 
705 
695 

693 

701 
687 
701 
691 
2  677 
647 
666 
640 
652 

719 
714 
707 

B 

679 
712 
726 
716 
674 

708 
671 

1  Except  where  otherwise  indicated,  each  value  is  the  average  for  12  specimens  in 
the  case  of  modulus  of  rupture  and  6  specimens  in  the  case  of  compressive  strength. 

2  Average  of  11  specimens. 

for  the  corresponding  control  beams.  The  "strength 
ratios,"  obtained  by  dividing  the  average  slab  strength 
by  the  average  beam  strength  are  used  to  express  the 
relative  efficiency  of  the  different  finishers.  These 
"strength  ratios"  are  given  in  Table  10  for  each  type  of 
machine,  type  of  aggregate,  and  grading  of  aggregate. 

It  will  be  observed  that  in  the  case  of  the  gravel  con- 
crete and  also  in  the  case  of  the  stone  concrete,  grading 

A,  type  B  finisher  is  still  high.  However,  there  appears 
to  be  no  trend  in  the  case  of  the  stone  concrete,  grading 

B.  Another  point  of  interest  is  that  in  the  case  of  the 
gravel  concrete,  grading  A,  there  is  a  tendency  for  the 
slabs   to   show  higher   strength   in   proportion   to    the 

69202—31 3 


Propor- 

Finisher used 

i  [rading 

TvpeC 

tions 

Type  A, 
round  1 

Type  B, 
round  2 

Round  1 

Round  2 

(     1:2:3H 

5.270 

4,800 

4,830 

4.510 

1:2:4 

5,020 

4,770 

4,660 

4,350 

A                             .-.--- 

\     1:2:4k 
l:2:4k 

4,820 
4,890 

4,590 
4.740 

4,760 
4,810 

4,570 

4,360 

1    i  ■>  r. 

4,510 

1,270 

4,510 

4,180 

f     1:2:31-2 

4,550 

4,560 

4,730 

4,620 

1:2:4 

1,  290 

4,500 

4.  580 

4,920 

B 

{     1:2:4k 

1,490 

4,230 

4,580 

4,980 

l:2:4i-2 

1,630 

4,  020 

4,170 

4,890 

I    1:2:4k 

*  3,  980 

4,  260 

4.210 

4,820 

3  Average  of  8  specimens. 

4  Average  of  4  specimens. 


beams  with  increasing  amounts  of  coarse  aggregate. 
This  applies  to  all  types  of  finisher.  On  the  other 
hand,  for  the  gravel  concrete,  grading  B,  the  reverse 
seems  to  be  true  except  for  finisher  B.  The  tendency 
for  the  gravel  concrete,  grading  B,  to  honeycomb,  par- 
ticularly in  the  leaner  mixes,  with  consequent  falling 
off  in  slab  strength,  probably  accounts  for  this.  The 
effect  of  honeycombing  on  strength  is  discussed  later. 

In  the  case  of  the  stone  concrete  there  appears  to  be 
very  little  trend  as  regards  the  effect  of  increasing  per- 
centages of  coarse  aggregate  except  that  for  grading  B 
the  1:2:  :'>'■  mix  seems  to  give  relatively  high  strength 
ratios  for  all  three  types  of  finisher. 
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52      50 


Table  10. — Ratio  of  flexural  strengths  of  slabs  to  strengths  of  cor- 
responding control  beams  at  9  months  l 


Type  of 
finisher 

Coarse 
aggreg 

Proportions 

Aver- 

1:2:3M 

1:2:4 

U2AH 

1:2:4H 

1:2:454 

1:2:5 

1:2:5};, 

age 

A   

Gravel-A_ 

...do 

...do 

...do 

Qravel-B . 

...do 

...do 

...do 

Stone-A ... 

...do 

...do 

...do 

Stone-B.. 

...do 

...do 

...do 

0.99 
1.08 

.99 

1.02 

.94 
1.04 
1.00 

.99 

.91 
1.07 
.93 

.97 

1.06 
1.05 
1.09 

1.07 

1.06 
1.12 

.92 

1.03 

.89 
1.04 
1.03 

.99 

.86 
1.03 
.98 

.96 

1.05 
.96 

1.00 

1.00 

.86 
1.14 
.90 

.97 

.96 
.97 
.98 

.97 

1.07 
1.22 
1.03 

1.11 

.93 
1.10 

1.90 

1.00 

.87 
1.13 
.95 

.98 

.87 
1.06 
1.00 

.98 

1.15 
1.05 
1.07 

1.09 

.95 
1.03 
.95 

.98 

.88 
1.00 
1.08 

.99 

.93 

.95 
1.02 

.97 

1.19 
1.19 
1.08 

1.15 

.78 
1.07 
.94 

.93 

1.07 
1.11 
1.05 

1.08 

1.09 

B 

C. 

A. 

Aver- 
age.. 

1.13 
1.02 

1.08 

.  '.HI 

1! 

c. 

A. 

Aver- 
age.. 

1.06 

.'.IS 

.98 

.ss 

B 

Aver- 
age._ 

1.(17 

C. 

.97 

.97 

A. 

.97 

B 

Aver- 
age- 

l .  on 

C 

1.02 

1.00 

1  Values  obtained  by  averaging  ratios  given  by  individual  sections. 

In  general  it  may  be  said  that,  aside  from  a  slight 
advantage  in  favor  of  the  type  B  finisher,  the  analysis  of 
the  data  indicates  that  the  three  types  of  finishing 
machine  give  essentially  the  same  results  and  also  that 
beam  strength  is  a  fairly  good  indication  of  the  actual 
flexural  strength  of  the  concrete  in  the  structure.  In 
this  connection,  however,  attention  should  be  called  to 
the  discussion  on  the  effect  of  honeycombing  which  is 
given  in  a  subsequent  part  of  the  report.     In  this  dis- 


cussion the  fact  is  brought  out  that  this  relation  does 
not  apply  in  the  case  of  very  dry  mixes  which  honey- 
comb on  placing. 

In  connection  with  the  discussion  on  finishing,  Table 
12  gives  the  number  of  passes  of  the  finisher  and,  in  the 
case  of  type  A,  the  number  of  passes  of  the  tamper  for 
each  section,  together  with  notes  on  workability  and 
finish  made  during  construction.  These  data  may  be 
used  in  connection  with  a  study  of  the  detailed  test  results 
plotted  in  Figures  33  to  37. 

EFFECT  OF  GRADING  OF  COARSE  AGGREGATE 

The  average  effect  of  grading  of  the  coarse  aggregate 
upon  the  slab  and  core  strengths  of  the  concrete  is 
shown  in  Figures  20  and  21.  The  data  were  taken  from 
Table  7.  The  concrete  containing  the  well -graded 
coarse  aggregate  shows  somewhat  higher  strength 
values  than  that  containing  the  more  poorly  graded 
aggregate,  although  the  differences  are  not  very  great. 
For  mixes  containing  more  than  4J>2  parts  coarse  aggre- 
gate there  appears  to  be  a  tendency  for  the  concrete 
containing  the  small  size  gravel  (grading  B)  to  decrease 
in  flexural  strength  at  a  greater  rate  with  increasing 
amounts  of  aggregate  than  the  large-size  material.  As 
has  been  noted,  this  is  no  doubt  due  to  the  tendency  of 
the  poorly  graded  concrete  to  honeycomb  in  the  leaner 
mixes.  Attention  should  also  be  called  to  the  fact  that 
a  wider  variation  in  strength  results  from  changes  in 
consistency  in  a  given  mix  than  from  the  average 
variations  due  to  changes  in  grading.  This  may  be 
verified  by  analyzing  the  data  for  the  individual  sec- 
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tions  as  shown  in  Table  6  and  in  Figures  33  to  37,  inclu- 
sive, as  well  as  in  Figures  25,  26,  and  27.  This  is  par- 
ticularly true  for  the  mixes  containing  from  3%  to  0i 
parts  coarse  aggregate.  For  the  mixes  high  in  coarse 
aggregate  the  tendency  of  grading  B  aggregate  to  pro- 
duce honeycomb  results  in  a  considerable  difference  due 
to  this  cause. 

FACTORS  INFLUENCING  HONEYCOMB  IN  SLABS  STUDIED 

In  order  to  analyze  the  manner  in  which  honey- 
combing is  affected  by  the  several  variables  which 
have  been  introduced  into  this  study,  as  well  as  to 
bring  out  the  effect  of  honeycombing  in  slabs  upon 
flexural  strength,  a  series  of  charts  have  been  prepared 
which  will  be  discussed  in  the  following  section  of  this 
report. 

The  percentage  of  honeycomb  in  each  test  slab  was 
determined  by  averaging  two  values,  the  percentage  of 
the  total  area  of  the  bottom  of  the  slab  showing  honey- 
comb and  the  percentage  of  the  total  area  of  the  cross 
section  at  the  break  which  showed  honeycomb.  It  was 
felt  that  this  method  gave  a  reasonably  satisfactory 
measure  of  the  homogenity  of  the  concrete  in  the  test 
slab. 

The  relation  between  average  percentages  of  honey- 
comb in  each  mix  for  each  type  and  gradation  of  coarse 
aggregate  is  shown  in  Figure  22;  and  the  corresponding 
average  relation  between  honeycomb  and  consistency 
as  indicated  by  slump  tests,  is  shown  in  Figure  23.     A 


similar  relation  between  honeycomb  and  consistency 
but  with  the  values  classified  by  types  of  finisher  is 
shown  in  Figure  24.  In  these  figures  each  point  rep- 
resents the  average  of  the  percentages  of  honeycomb  in 
all  the  sections  having  the  particular  combination  of 
variables  involved.  The  data  are  taken  from  Table  13, 
which  shows  the  percentage  of  honeycomb  for  each 
section  and  Table  5,  which  gives  the  slump  and  flow 
test  values  for  each  section.  In  the  case  of  Figures  22 
and  23,  the  plotted  points  do  not  always  represent  the 
average  of  tests  on  the  same  number  of  slabs  because 
of  the  fact  that  the  same  slumps  were  not  always 
obtained  on  each  of  the  three  sections  in  each  group. 
In  drawing  in  the  average  lines  each  point  was  weighted 
in  accordance  with  the  number  of  tests  which  it 
represented. 

These  figures  are  of  interest  in  showing  (1)  that  the 
average  amount  of  honeycomb  increases  slightly  with 
increases  in  the  percentage  of  coarse  aggregate  in  the 
mix  (fig.  22);  (2)  that  where  the  small-size  gravel 
aggregate  containing  an  excess  of  fine  material  was 
used  the  average  amount  of  honeycomb  was  consider- 
ably increased  (fig.  22);  (3)  that  the  average  amount  of 
honeycomb  was  increased  by  decreasing  the  slump 
(fig.  23);  and  (4)  that  honeycombing  was  somewhat 
decreased  by  the  use  of  type  A  finishing  machine  (fig.  24). 

One  of  the  most  interesting  features  in  connection 
with  the  occurrence  of  honeycomb  in  the  concrete  i< 
the  effect  of  B  grading  in  the  gravel  mixes.     Reference 
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Figure  17. — Relation  Between  Strength  of  Stone  Concrete  and  Water-Cement  Ratio 


to  Figure  1  will  show  that  this  material  was  graded 
from  lK-ineh  to  %-inch  with  60  per  cent  passing  the 
ViiH'h  screen.  The  void  content  was  36  per  cent,  dry- 
rodded,  or  1  per  cent  greater  than  the  A  grading. 
This  would  seem  to  be  a  small  difference  in  voids  for 
so  wide  a  variation  in  grading.  However,  repeated 
tests  showed  that  these  values  were  correct. 

Reference  to  Table  11  will  show  that  the  values  for 
the  ratio  of  b  to  b0  and  for  the  mortar-voids  ratio 
(volume  of  mortar  as  determined  by  adding  the  absolute 
volumes  of  cement  and  sand  and  the  volume  of  water, 
divided  by  the  volume  of  voids  in  the  dry-rodded 
coarse  aggregate)  were  substantially  the  same  for 
corresponding  mixes  using  A  and  B  grading.  More- 
over, the  values  for  these  ratios  in  the  1:2:4  mixes 
using  gravel  are  just  about  the  same  as  for  the  1:2:3% 
mixes  using  crushed  stone.  On  the  assumption  that 
these  ratios  are  significant  in  controlling  workability, 
this  would  indicate  that  the  workability  of  the  two 
gravel  concretes  should  be  about  the  same  and  also 
that  the  1:2:4  gravel  concrete  should  have  about  the 
same  workability  as  the  1:2:3%  stone  concrete. 
Referring,  however,  to  Figure  22  and  assuming  that  the 
presence  of  honeycomb  in  the  finished  structure  is  a 
reasonably  satisfactory  measure  of  the  workability  of 
the  concrete  going  into  the  structure,  we  find  an  aver- 
age of  about  1  per  cent  honeycomb  in  the  1:2:3% 
stone  concrete,  about  1%  per  cent-  in  the  1:2:4  gravel 
concrete,  grading  A,  and  over  6  per  cent  in  the  1:2:4 


Table  11.- 


-  Mortar-void  ratio  and  -r—  for  all  proportions 
b0 


Average 

Theoreti- 

Mortar- 
voids  2 
ratio 

Coarse  aggregate 

Propor- 
tions 

water- 
cement 
ratio 

cal  ce- 
ment 
factor 

b 

bo 

Sacks  per 

cubic  yard 

f     1 

2:3! ', 

0.86 

5.53 

2.13 

0.717 

1 

2:4 

.91 

5.  11 

1.89 

.  762 

Gravel,    grading    A;    6o=0.65; 

1 

-':  1'  ■• 

.92 

4.84 

1.68 

.806 

voids  35  per  cent. 

1 

2-AVa 

.96 

4.66 

1.63 

.820 

1 

2:.r. 

.98 

4.52 

1.55 

.838 

1 

2: 5K 

.97 

4.41 

1.47 

.858 

1 

2:3!4 

.89 

5.54 

2.09 

.719 

1 

2:4 

.92 

5.17 

1.85 

.766 

Gravel,    grading    B;    6o=*0.r>4; 

1 

2:W, 

.99 

4.81 

1.69 

.802 

voids  36  per  cent. 

1 

2:43., 

1.01 

4.66 

1.61 

.820 

1 

2:5 

1.05 

4.51 

1.55 

.835 

1 

2:5M 

1.02 

4.41 

1.46 

.858 

1 

2:3^ 

.87 

5.73 

1.86 

.743 

Stone,     Grading    A;    &o=0.60; 

1 

2:4 

.91 

5.35 

1.66 

.792 

voids  40  per  cent. 

>     1 

2:44 

.92 

5.18 

1.56 

.816 

1 

:'   1'.. 

.94 

5.02 

1.49 

.836 

1 

-'   l:'i 

.97 

4.86 

1.43 

.854 

1 

2:314 

.87 

5.78 

1.81 

.749 

Stone,     grading     B;     6o  =  0.59; 

1 

2:4 

.91 

5.39 

1.62 

.798 

voids  41  per  cent. 

1 

2:4', 

.92. 

5.22 

1.53 

.822 

1 

2:1'. 

.95 

5.05 

1.46 

.841 

1 

2:434 

.97 

4.90 

1.39 

.  862 

1 

2:314 

.87 

5.91 

1.69 

.766 

Slag,  grading  A;  6o  =  0.56;  voids 

1 

2:4 

.  93 

5.50 

1.52 

.815 

44  per  cent. 

1 

2:44 

.  95 

5.33 

1.44 

.838 

1 

2:4H 

.99 

5.  1 1 

1.38 

.857 

1  Computations  were  made  on  the  basis  of  38  per  cent  voids  for  sand  and  50  per 
cent  voids  (assumed)  for  cement. 

2  The  mortar-voids  ratio  for  a  given  mix  is  obtained  by  dividing  the  sum  of  the 
absolute  volumes  of  cement  and  sand  plus  the  volume  of  wati  1  bj  the  volume  of 
voids  in  the  dry-rodded  coarse  aggregate.  This  term  should  nol  be  confused  with 
Hie  same  term  as  used  in  the  discussion  of  the  mortar-voids  llieory. 
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gravel  concrete,  grading  B.  Even  the  1:2:3%  con- 
crete, gravel  grading  B,  showed  4  per  cent  honeycomb 
in  spite  of  the  fact  that  this  was  a  distinctly  oversanded 
mix,  when  analyzed  either  by  mortar  voids  or  fineness 
modulus  theories.  In  the  latter  connection  it  may  be 
noted  that,  for  a  1:2:3%  mix,  the  volume  of  fine 
aggregate  is  36  per  cent  of  the  sum  of  the  volumes  of 
fine  and  coarse  aggregates.  This  is  more  sand  than 
would  be  called  for  by  the  fineness  modulus  theory  for 
these  particular  aggregates. 

These  tests  also  indicate  that  the  slump  test  can  not 
be  used  to  compare  workability  of  concretes  in  which 
different  gradings  of  coarse  aggregate  are  used.  This  is 
illustrated  by  reference  to  Figure  23.  It  will  be  seen 
that  for  a  given  slump,  say  one  inch,  the  amount  of 
honeycomb  in  the  case  of  grading  B  gravel  was  much 
higher  than  for  any  other  combination. 

These  data  appear  also  to  demonstrate  that  the  use 
of  any  function  depending  directly  upon  the  void  con- 
tent of  the  coarse  aggregate,  such  as  the  ratio  b/b0  or 
the  mortar-voids  ratio,  does  not  necessarily  control  the 


workability  of  the  mix  as  determined  by  the  uniformity 
and  freedom  from  honeycomb  of  the  concrete  in  the 
structure.  They  also  indicate  that,  for  a  given  coarse 
aggregate  type  and  grading,  there  is  a  distinct  relation 
between  the  consistency  of  the  concrete  as  measured 
by  the  slump  test  and  the  percentage  of  honeycomb 
which  is  apt  to  develop  under  the  methods  of  finishing 
now  in  common  use. 

EFFECT  OF  HONEYCOMB  ON  FLEXURAL  STRENGTH  OF  SLABS 

It  will  be  of  interest  now  to  study  the  influence  of 
honeycomb  upon  the  strength  of  the  concrete.  In 
Figures  25,  26,  and  27,  there  have  been  plotted  the 
results  of  flexure  tests  on  the  individual  sections 
arranged  by  types  of  finisher  and  type  and  gradation 
of  coarse  aggregate.  Values  for  strength  have  been 
plotted  as  follows:  Open  circles  designating  all  slabs 
having  less  than  1  per  cent  honeycomb;  crosses,  all 
slabs  having  1  to  10  per  cent  honeycomb;  and  solid 
circles,  all  slabs  having  more  than  10  per  cent  honey- 
comb.    The  three  values  in  each  vertical  line  denote 
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tests  on  the  three  sections  in  which  the  concrete  varied 
only  in  consistency. 

In  order  to  bring  out  the  interrelated  effects  of  honey- 
comb, strength,  and  consistency,  these  figures  should  be 
considered  in  connection  with  the  detailed  results 
shown  in  tabulated  form  in  Tables  5,  6,  and  13  and  in 
graphic  form  in  Figures  33  to  37,  inclusive.  Reference 
to  the  detailed  charts  will  show  a  very  close  relation 
between  honeycomb  and  consistency  in  all  cases. 
The  concrete  in  each  group  of  three  having  the  lowest 
water-cement  ratio  is  almost  invariably  the  concrete 


having  the  lowest  slump  and  the  largest  percentage  of 
honeycomb,  if  any. 

If  we  refer  again  to  the  charts  showing  relation  be- 
tween honeycomb  and  strength  (figs.  25,  26,  and  27),  we 
find  that  the  data  indicate  conclusively  the  danger  of 
permitting  any  condition  which  will  tend  to  the  forma- 
tion of  honeycomb.  In  the  whole  group  (265  sections) 
there  are  19  sections  having  more  than  10,  per  cent 
honeycomb,  15  of  which  were  in  the  gravel,  B  grading, 
group.  In  all  but  four  cases  the  badly  honeycombed 
section  was  distinctly  lower  in  strength  than  the  other 
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sections  of  the  same  group.  The  same  relation  exists 
for  the  slabs  showing  from  1  to  10  per  cent  honeycomb. 
There  were  119  such  sections.  In  only  26  of  these  was 
the  strength  of  the  honeycombed  slab  as  high  or  higher 
than  any  section  in  the  group  showing  less  than  1  per 
cent  honeycomb.  These  results  emphasize  again  the 
danger  of  using  very  dry  concrete  with  our  present 
methods  of  finishing. 

A  number  of  interesting  detail  comparisons  may  be 
made  by  reference  to  Figures  25,  26,  and  27.  For 
instance,  it  will  be  noted  that  there  was  almost  a  com- 
plete absence  of  honeycomb  in  the  sections  containing 
gravel,  grading  A,  and  finished  with  type  A  machine. 
(Fig.  25.)  The  corresponding  group  using  stone  had  a 
considerably  larger  number  of  slabs  showing  from  1  to 
10  per  cent  honeycomb.  Concrete,  gravel,  B  grading, 
also  showed  somewhat  less  honeycombing  when  finished 
with  type  A  machine  than  with  either  of  the  other  types, 
although,  as  has  previously  been  pointed  out,  the 
amount  of  honeycombing  in  general  was  much  greater 
for  grading  B  than  for  grading  A.  (Fig.  25.)  The  type 
of  finisher  appeared  to  make  little  difference  in  the  case 
of  the  stone  concrete,  sections  finished  with  each  type 
showing  about  the  same  amount  of  honeycomb. 

The  average  strength  level  on  the  other  hand  is  some- 
what higher  for  type  B  finisher  than  for  the  other  types. 

In  order  to  form  some  idea  as  to  the  effect  of  honey- 
combing on  the  relation  between  the  strengths  of  the 
slabs  and  the  strength  of  control  beams  tested  at  the 
same  age,  Figures  28,  29,  and  30  have  been  prepared. 
These  figures  indicate  for  each  of  the  three  degrees  of 
honeycombing  and  for  each  type  and  grading  of  aggre- 
gate, the  average  modulus  of  rupture  for  the  slabs  and 
the  average  modulus  of  rupture  for  the  corresponding 
beams.  It  will  be  understood  that  each  point  in  this 
case  represents  the  average  strength  of  all  slabs  having 
the  amount  of  honeycomb  within  the  range  indicated, 
with  the  corresponding  values  for  the  beams  represent- 


ing the  average  strength  of  the  control  beams  corre- 
sponding to  those  slabs. 

These  data  indicate,  in  general,  the  tendency  of  the 
slab  strengths  to  decrease  with  respect  to  the  strengths 
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of   the   control   beams   for   increasing   percentages   of  slabs  show  less  than  1  per  cent  honeycomb  the  average 

honeycomb.     There  are  a  number  of  individual  values  slab  strengths  are  as  high  as  or  higher  than  the  beam 

out  of  line,  but  the  trend  is  easily  followed.     It  is  inter-  strengths,  whereas  the  reverse  is  generally  true  for  the 

esting  to  observe  that  in  practically  all  cases  where  the  slabs  showing  more  than  1  per  cent  honeycomb. 
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...do 

...do 

...do 

Some  segregation. 
Do. 

127 

do 

Do. 
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Table   12. — Notes  on  finish  and  workability — Continued 


Section 

No. 

o 
S3 

"a 
<a 

*o 

a 
>> 

Ni 

h 

pa; 

c 

scr 

a 
o 

m- 

er 

ses 

f 

eed 

a 

a 

C3 

o 

o 

.0 

s 

Finish 

Workability 

Remarks 

128 

129 

C 
C 

c 

g 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

B 
B 
B 
B 
B 

2 
2 
2 
2 
2 
2 
2 
2 
2 
o 

2 
o 
3 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
2 
2 
3 
2 
2 

4 
4 
3 
3 
3 
3 
5 
3 
3 

2 
2 
2 
2 
2 
3 
3 
2 
2 
3 
2 
2 
4 
2 
2 
2 
2 
2 

3 
2 
3 
3 
2 
2 
2 
2 
2 
3 
2 
2 
3 
3 
2 

flood 

Fair 

Good. 

do 

do 

do 

Fair 

i; i 

..do 

...do 

...do 

...do 

Rough 

Good 

do 

...do 

-.-do 

...do 

Poor... 

Good 

do 
Fair- 
Good 

...do 

--.do 

-.-do-.. 

Good 

Fair 

130 
131 

132 

133 

Good 

do 

do 

Fair 

134 

135 

136 

137 

do 

Good- 

do 

F=:r 

138.... 
139... 
140 

Good 

do 

Fair 

141. 

142 

143 

Good 

do 

Fair 

144 

145 

14fi... 

do 

Good 

Fair— 

Too  dry. 

147 

148 

149 

Good 

do..  ... 

Fa:r  . 

150 

151. 

152 

153 

do 

Good 

do 

do  

154 

155 

156... 

157 

158 

159 

160... 

161 

162.... 
163 

.--do 

Very  poor 

ii 1 

do 

Poor 

Good 
...do 

Fair 

Good 

Fair 

...do 

-..do 

-..do 

...do 

Good 

Poor 

Good 

...do 

...do 

Fair 

Poor. 

Good 
...do 

do -. 

Poor.., 

Good -. 

do 

Poor 

Fair 

Good 

Fair 

Good 

do 

do 

do 

Fair 

Unworkable  in  spots. 

C.  A.  rolled  under  belt. 
Do. 

164... 

Do. 

165... 
166 

Do. 

167... 
168.... 
169... 

do 

do 

Good 

Poor 

Good _.. 

do 

do 

do 

Poor... 

Good 

do 

Harsh . 

170.... 

3 

I 

3 
3 

Hand  finishing  neoe 

171 

172... 

173 

174 

.... 

175 

3 
3 
3 
4 

Hand  finishing  necessary. 

176... 

177 

178 

Poor 

Good 

Fair 

Good 

...do 

—do 

Hough 

Good 

...do 

...do 

...do 

...do 

...do 

-..do 

...do..  . 

Poor 

Good 

Fair... 

Harsh . 

179 

3 
3 

3 
3 
3 

4 

180 

181 

Good 

do 

do 

Poor 

Good. 

do 

Fair 

182 

183 

184 



-.-- 

Hand  finishing  necessary. 

185 

3 
3 
3 
3 
3 
3 
3 
3 
3 

4 
3 
3 
3 
2 

186 

187 

.... 

188... 
189 

Very  good... 
Fair.... 

190 

191 

192 

do 

Very  good... 

Good 

Fair 

Unworkable 

Good 

do 

do 

Fair 

193 

194 

-"" 

.-.do 

Rough 

Good 

195 

190 

197 

".-do 

198 

Fair 

of  section. 

Section 
No. 


199. 
200. 
201. 
202. 
203. 
204. 
205- 
206. 
207. 
208. 

209. 
210. 
211. 
212. 
213. 
214. 
215. 
216. 
217. 

218. 

219. 
220. 

221. 

222. 

223. 

224. 
225. 
226. 
227. 
228. 
229. 
230. 
231. 
232. 
233. 
234. 
235. 
236. 
237.. 
238_. 

239.. 

240.. 
241. 
242. 
243. 
244.. 
245.. 
246. 
247. 
248. 
249. 
250. 
251. 
252., 
253. 

254.. 
255. 
256. 
257., 
258. 
259. 
260. 
261. 
262. 
263. 
264. 
265. 


UNIFORMITY  OF  CONCRETE  ANALYZED 

It  will  be  recalled  that  the  value  for  the  modulus  of 
rupture  of  each  test  slab  was  obtained  by  averaging  the 
results  of  tests  on  the  four  slabs  which  made  up  the 
section.  A  study  of  the  variation  in  strength  among 
the  four  slabs  should  give  some  idea,  therefore,  of  the 
uniformity  of  the  concrete  within  the  section. 

Table  13  gives  for  each  test  section  the  results  of 
flexure  tests  on  the  individual  slabs,  together  with  the 
percentage  variation  of  each  slab  from  the  average  for 
the  section  and  the  average  percentage  variation  for  the 
section.     This  latter  figure  may  be  used  as  the  index  of 


Num- 
ber 
passes 

of 
screed 


Finish 


Good 

..do 

...do 

-do 

..-do 

..do 

Rough 

Good 

...do 

Rough 


G I 

Fair.. 
Poor.. 
Good. 
...do.. 
Fair- 
Good. 
..do-. 
Poor. 


Good. 


..do.. 

Poor. 


Good. 


_do. 


Rough- 
Good... 

...do 

...do 

...do 

..do 

Fair 

..do 

Good... 

...do 

...do 

—do 

—do 

—do-... 

...do 

...do 


Fair 

Good... 

...do 

..do 

..do 

..do 

...do 

...do 

Rough.. 
Good... 

...do 

...do 

—do 

—do 

—do 


.do. 
.do. 


Rough . 
Poor. .. 
Good .  _ 
..do... 
Fair... 
Good . . 
Fair... 
Good.. 
__ do__. 
Fair... 


Workability 


Good.. 

..--do 

....do 

....do 

....do 

Fair 

Unworkable 

Good.. 

do 

Fair. 


do 

Poor 

Unworkable 
Very  good— 

Good__ 

.Fair 

Good 

do 

Unworkable 

Good 


do- 
Poor.  .. 


ii I 

Fair.. 


Very  poor.... 

Very  good.. 

do 

Fair 

Good 

....do 

Fair 

do 

Good 

Very  good.. 

Good-- 

....do 

....do 

Fair.. 

Good 

Very  good.. 

Fair 

Good 

Very  good... 

Fair 

Good 

....do 

Fair 

Good 

Poor 

Good 

Fair 

Good 

Fair.. 

-...do 

....do 

....do 

Good 

Poor 

Very  poor... 

Fair 

Good.. 

Fair... 

Good 

Poor 

Good 

....do 

Poor 


Remark 


Some  patching. 

Patching  necessary. 
Do. 


Third     of    surface     hand 

finished. 
Harsh,  wet,  some  segrega 

tion. 
Do. 
Patching   due  to  segrega 

tion. 
Harsh,  wet,  some  segrega 

tion.  f 
Patching  due"  to  segrega; 

tion. 
Do. 


Rather  harsh. 


Hand  finishing  necessary. 

Do. 
Some  patching. 


Patching  necessary. 
Do. 


uniformity  for  the  section.  In  Figure  31  the  average 
percentage  variation  in  strength  for  all  of  the  gravel 
concrete  sections  and  all  of  the  stone  concrete  sections 
for  each  proportion  have  been  plotted.  It  will  be  seen 
that  there  is  a  reasonably  consistent  reduction  in  uni- 
formity with  increase  in  coarse  aggregate  content  for 
both  types  of  coarse  aggregate.  The  average  deviation 
varies  from  about  4  per  cent  to  about  7  per  cent  for  the 
entire  range.  By  breaking  these  average  values  up 
into  group  averages  corresponding  to  grading  of  aggre- 
gate, type  of  finisher,  etc.,  similar  results  are  obtained. 
The  difference  between  the  effects  of  A  and  B  grading  in 
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Figure  31.- 


-Uniformity  of  Concrete:  Average  Percentage  Variation  of  Modulus  of  Rupture  of  Indi- 
vidual Slabs  from  Average  Modulus  of  Rupture  for  the  Section  of  4  Slabs 


the  gravel  which  is  so  marked  as  regards  honeycombing 
does  not  appear  from  the  standpoint  of  uniformity. 
Neither  can  any  consistent  difference  in  uniformity  be 
observed  as  the  result  of  using  the  different  methods  of 
finishing.  Each  method  gives  about  the  same  average 
degree  of  uniformity. 

However,  study  of  Table  13  indicates  some  relation 
between  honeycombing  and  uniformity.  For  instance, 
the  average  deviation  for  the  19  sections  showing  more 
than  10  per  cent  honeycomb  is  9.2  per  cent  against  a 
grand  average  of  5.4  for  the  entire  series.  Conversely, 
the  127  sections  having  less  than  1  per  cent  honeycomb 
showed  an  average  deviation  of  only  3.8  per  cent. 
These  values  are  given  to  illustrate  trends  only  as  there 
are  several  cases  where  honeycombed  slabs  show  good 
uniformity  and  vice  versa.  The  trend,  however,  is  in 
the  direction  which  would  naturally  be  expected  and 
further  illustrates  the  importance  of  guarding  against 
danger  of  honeycombing  in  the  construction  of  concrete 
pavements. 

Table  13. —  Variation  in  modulus  of  rupture,  of  individual  slabs 
from  average  for  the  section  of  4  slabs,  and  percentage  of  honey- 
comb 


Table  13. —  Variation  in  modulus  of  rupture,  of  individual  slabs 
from  average  for  the  section  of  4  slabs,  and  percentage  of  honey- 
comb— Continued 


Modulus  of  rupture  in  pounds 
per  square  inch 

Percentage  varii 
averag 

ition  fi 
s 

4 

om 

Aver- 
age 

Honey- 

No. 

1 

o 

3 

4 

Aver- 
age 

1 

2 

3 

comb 

l 

539 
586 
508 
532 
429 
481 
531 
587 
556 
542 
561 
580 
515 
500 
556 
483 
447 
506 

611 
627 
599 
557 
558 

545 
562 
498 
582 
457 
547 
493 
574 
534 
500 
512 
398 
501 
562 
539 
505 
421 
539 

565 
570 
548 
529 
569 

552 
535 
514 
523 
538 
511 
558 
552 
509 
542 
586 
487 
589 
525 
565 
500 
488 
542 

613 
586 
572 
582 
560 

531 
608 
497 
577 
702 
540 
535 
585 
576 
537 
597 
523 
624 
530 
587 
511 
457 
553 

647 
578 
602 
499 

547 

542 
573 
504 
554 
532 
520 
529 
575 
544 
530 
564 
497 
557 
529 
562 
500 
453 
535 

609 
590 
580 
542 
559 

0.6 
2.3 

.8 
4.0 
19.4 
7.5 

.4 
2.1 
2.2 
2.3 

.5 
16.7 
7.5 
5.5 
1.1 
3.4 
1.3 
5.4 

.3 
6.3 
3.3 
2.8 

.2 

0.6 

1.9 

1.2 

5.1 

14.1 

5.2 

6.8 

.2 

1.8 

5.7 

9.2 

19.9 

10.1 

6.2 

4.1 

1.0 

7.1 

.7 

7.2 
3.4 
5.5 
2.4 

1.8 

1.8 
6.6 
2.0 
5.6 
1.1 
1.7 
5.5 
4.0 
6.4 
2.3 
3.9 
2.0 
5.7 
.8 
.5 
0 

7.7 
1.3 

.7 
.7 
1.4 
7.4 
.2 

2.0 
6.1 
1.4 
4.2 

32.0 
3.8 
1.1 
1.7 
5.9 
1.3 
5.9 
5.2 

12.0 

.2 

4.4 

2.2 

.9 

3.4 

6.2 
2.0 
3.8 

7.9 
2.1 

1.2 
4.2 
1.4 
4.7 

16.6 
4.6 
3.4 
2.0 
4.1 
2.9 
4.9 

11.0 
8.8 
3.2 
2.5 
1.6 
4.2 
2.7 

3.6 
3.1 
3.5 
5.1 
1.1 

Per  cent 
0.1 

2 

0 

3  . 

.2 

4_. 

0 

5.. 

1.3 

6... 

.6 

7— 

0 

8 

.6 

9 

.2 

10 

0 

11_ 

0 

12__ 

3.8 

13 

.1 

14 

0 

15 

0 

16 _. 

0 

17.... 

5.2 

18 

0 

19 

.9 

20 

0 

21 

0 

22_ 

2.9 

23 

3.2 

Section 

Modulus  of  rupture  in  pounds 
per  square  inch 

Percentage  variation  from 
average 

Honey- 

No. 

1 

2 

3 

4 

Aver- 
age 

1 

2 

3 

4 

Aver- 
age 

comb 

24 

547 
471 
549 
588 
483 
443 
509 
498 
442 
476 

569 
502 
567 
626 
484 
527 
510 
535 
512 
521 
541 
570 
548 
504 
547 
535 
504 
574 

531 
613 
613 
600 
561 
597 
500 
579 
577 
565 
539 
538 
498 
558 
504 
512 
410 

762 
715 
590 
755 
705 
516 
790 
567 
683 
721 
739 

546 

488 
580 
572 
571 
532 
491 
586 
409 
481 

591 
517 
569 
552 
567 
500 
387 
517 
545 
603 
552 
554 
540 
501 
492 
539 
532 
546 

470 

565 
558 
593 
480 
577 
366 
539 
544 
509 
462 
538 
422 
417 
511 
495 
471 

736 
723 
729 
648 
705 
664 
715 
685 
687 
559 
730 

577 
459 
651 
547 
563 
511 
415 
499 
431 
470 

600 
554 
600 
592 
494 
483 
393 
451 
547 
583 
510 
458 
536 
485 
502 
361 
281 
544 

447 
596 
565 
605 
576 
585 
480 
513 
516 
545 
556 
564 
268 
438 
539 
542 
479 

755 
732 
735 
669 
700 
714 
659 
746 
724 
780 
655 

575 
448 
591 
557 
547 
525 
455 
494 
439 
362 

573 
613 
596 
607 
500 
520 
516 
570 
557 
441 
536 
588 
525 
441 
540 
419 
411 
595 

339 
510 
552 
542 
601 
556 
459 
435 
566 
528 
587 
546 
463 
493 
586 
454 
432 

677 
730 
705 
675 
677 
636 
736 
643 
739 
621 
675 

561 
466 
593 
566 
541 
503 
468 
519 
430 
447 

583 
547 
583 
594 
511 
508 
452 
518 
540 
537 
535 
543 
537 
483 
520 
464 
432 
565 

447 
571 
572 
585 
555 
579 
451 
516 
551 
537 
536 
547 
413 
477 
535 
501 
448 

732 
725 
690 
687 
697 
632 
725 
660 
708 
670 
700 

2.5 
1.1 
7.4 
3.9 
10.7 
11.9 
8.8 
4.0 
2.8 
6.5 

2.4 
8.2 
2.7 
5.4 
5.3 
3.7 
12.8 
3.3 
5.2 
3.0 
1.1 
5.0 
2.0 
4.3 
5.2 
15.3 
16.7 
1.6 

18.8 

7.4 

7.2 

2.6 

1.1 

3.1 

10.9 

12.2 

4.7 

5.2 

.6 

1.6 

20.6 

17.0 

5.8 

2.2 

8.5 

4.1 
1.4 

14.5 
9.9 
1.1 

18.4 
9.0 

14.1 
3.5 
7.6 
5.6 

2.7 
4.7 
2.2 
1.1 
5.5 
5.8 
4.9 
12.9 
4.9 
7.6 

1.4 
5.5 
2.4 
7.1 
11.0 
1.6 

2.9 
1.5 
9.8 
3.4 
4.1 
1.6 
11.3 
3.9 
.2 
5.1 

2.9 
1.3 
2.9 
.3 
3.3 
4.9 

2.5 
3.9 
.3 
1.6 
1.1 
4.4 
2.8 
4.8 
2.1 
19.0 

1.7 
12.1 
2.2 
2.2 
2.2 
2.4 
14.2 
10.0 
3.1 
17.9 
.2 
8.3 
2.2 
8.7 
3.8 
9.7 
4.9 
5.3 

24.2 

10.7 
3.5 
7.4 
8.3 
4.0 
1.8 

15.7 

2.7 

1.7 

9.5 

.2 

12.1 
3.4 
9.5 
9.4 
3.6 

7.5 
.7 
2.2 
1.7 
2.9 
.6 
1.5 
2.6 
4.4 
7.3 
3.6 

2.6 
2.8 
4.9 
2.5 
5.4 
5.9 
7.0 
6.4 
2.5 
9.6 

2.1 
6.8 
2.6 
3.8 
5.4 
3.2 

13.6 
6.6 
2.6 

10.4 
2.3 
7.8 
1.2 
4.3 
4.5 

15.8 

19.9 
3.5 

12.0 
5.9 
3.6 
3.7 
6.7 
2.1 
9.5 
8.2 
3.8 
3.4 
6.9 
1.6 
17.5 
10.3 
5.1 
5.2 
6.0 

3.8 
.8 
7.2 
5.0 
1.4 
9.3 
5.2 
8.4 
3.3 
12.0 
5.0 

Pe  icen 
0 

25 

6.3 

26 

.6 

27 

.6 

28 

.2 

29 

5.8 

30 

19.2 

31 

.6 

32.. 

25.4 

33 

12.9 

34 

0 

35 

0 

36 

0 

37... 

1.2 

38.  . 

.5 

39 

.1 

40 

14.  4   13. 1 

2.1 

41.  . 

.2 
.9 
12.3 
3.2 
2.0 
.6 
3.7 
5.4 
16.2 
23.1 
3.4 

5.1 
1.1 

12.9 
1.3 
8.6 
4.7 

15.7 

.2 

.4 

3.5 

22.2 

35.0 
3.7 

0 
4.4 

1.0 

42  . 

0 

43 

4.3 

44 

0 

45.. 

0 

46- 

3.9 

47 

2.8 

48 

0 

49 

6.6 

50.  . 

16.2 

51.  . 

0 

52 _- 

20.5 

53 

8.2 

54... 

2.4   1.2 

1.4  3.4 

13.5  3.8 
.3   1.0 

18.  8   6.  4 

4.5  .6 
1.3   6.4 
5.2   1.5 

13.8   3.7 

1.  6   3.  1 

2.  2  35.  1 

12.6  '  8.2 

0 

55... 

7.5 

56--- 

1.2 

57 

.4 

58... 

9.8 

59.  . 

4.8 

60-.- 

0 

61 

6.2 

62... 

3.2 

63... 

0 

64 

24.5 

65 _ 

7.0 

66 

4.5 
1.2 
5.1 

.5 
.3 
5.7 
5.7 
1.1 
5.1 
1.4 
3.8 
3.0 
16.6 
4.3 

.7 
8.2 
6.9 

3.1 
1.0 
6.5 
2.6 
.4 

13.0 
9.1 

13.0 
2.3 

16.4 
6.4 

.5 

67 

4.8 

68 

17.8 

69 

0 

70 

0 

71 

2.2 

72 

1.2 

73 

0 

74 

8.4 

75... 

.5 

76... 

0 

77 

2.1 

78--_. 

79 

6.5 

2 
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Table   13.- 


I  ariation  in   modulus  of  rupture,  of  individual  slabs  from  average  for  the  section  of  4  slabs,  and  percentage  of  honey- 
comb— Continued 


Section 
No. 


Modulus  of  rupture  in  pounds 
per  square  inch 


80 

723 

81 

628 

82 

704 

83 

696 

84 

817 

85 

675 

86 

724 

87 

745 

88 

043 

89 

769 

90.  . 

749 

91 

696 

92 

709 

93 

757 

94 

693 

95. 

671 

96 

562 

97... 

623 

98 

620 

99.... 

673 

100 

723 

101 

726 

102 

709 

103 

721 

104 

664 

105 

792 

106 

672 

107... 

733 

108 

768 

109 

750 

110 

722 

111... 

735 

112 

677 

113 

114 _. 

721 

115 

653 

116. 

679 

117 

689 

118 

691 

119... 

747 

120 

751 

121 

549 

122 _. 

458 

123 

639 

124... 

711 

125 

632 

126 

730 

127. 

678 

128 

560 

129... 

488 

130. 

578 

131 

561 

132 

583 

133 

484 

134 

501 

135 

551 

136 

521 

137 

314 

138 

549 

139 

537 

140.... 

523 

141... 

554 

142....  . 

560 

143 

563 

144 

521 

145..- 

581 

146 

519 

147 

587 

148 

632 

149 

356 

150- - 

568 

151- 

544 

152 

538 

153 

578 

154 

505 

155.... 

485 

156... 

444 

157.-. 

453 

158.. 

538 

159 

519 

160 

559 

161 

612 

162. 

620 

163.. 

564 

164 

664 

165 

613 

166 

647 

167.- 

635 

168... 

577 

169 

618 

170 

624 

171... 

556 

172 

589 

705 
712 
577 
661 

695 
634 
632 
735 
693 
657 
596 
616 
632 
695 
673 
636 
645 
647 

670 
705 
696 
712 
735 
707 
637 
701 
563 
726 
694 
623 
726 
644 
681 

637 
691 
647 
688 
597 
659 
711 
498 
691 
657 
693 
619 
617 
532 
672 

555 
582 
575 
527 
564 
370 
420 
516 
507 
419 
484 
633 
534 
564 
518 
527 
555 
510 

587 
570 
616 
458 
560 
567 
550 
520 
569 
528 
482 
488 
552 
457 
550 

601 
644 
524 
589 
586 
621 
620 
571 
649 
585 
609 
563 


713 
555 
738 
639 

745 
656 
700 
053 
753 
704 
749 
798 
638 
588 
504 
699 
783 
027 

631 
759 
660 
629 
714 
566 
.618 
772 
703 
622 
766 
657 
693 
721 
655 

697 
718 
631 
609 
573 
670 
668 
672 
692 
588 
675 
674 
616 
705 
679 

501 

555 
572 
524 
518 
445 
533 
498 
536 
483 
445 
536 
557 
544 
561 
550 
577 
523 

599 
549 
626 
498 
552 
546 
538 
511 
529 
425 
456 
421 
501 
448 
547 

630 
619 
502 
580 
527 
599 
569 
492 
612 
408 
503 
533 


704 
732 
705 

714 

709 
648 
077 
722 
719 
715 
687 
817 
685 
697 
642 
Oil 
722 
556 

701 
721 
007 
743 
743 
711 
690 
722 
710 
000 
727 
648 
705 
659 
675 

721 
o.s:t 
646 
682 
551 
685 
725 
658 
626 
630 
673 
659 
634 
699 
633 

542 
519 
577 
561 
560 
463 
565 
484 
546 
489 
526 
521 
562 
525 
573 
488 
520 
525 

568 
ooo 
611 
445 
593 
566 
539 
440 
473 
438 
476 


569 
482 

589 

577 
681 
591 
623 
569 
626 
612 
592 
612 
617 
551 
551 


Aver 


711 
657 
681 
678 

742 
653 
683 
714 
702 
711 
095 
732 
666 
684 
628 
654 
678 
613 

670 
714 
694 
702 
725 
676 
652 
747 
662 
694 
739 
670 
712 
690 
672 

685 
703 
644 
664 
602 
676 
713 
645 
640 
583 
670 
666 
625 
606 


540 
536 
576 
543 
556 
440 
505 
512 
528 
426 
.501 
557 
544 
547 
553 
532 
543 
535 


579 
621 
439 
568 
556 
541 
512 
519 
469 
464 
454 
540 
476 
561 

605 
641 
545 
614 
574 
623 
609 
558 
623 
558 
555 
.-,.7.1 


Percentage  variation  from 
average 


1.7 
4.4 
3.4 
2.7 

10.1 
3.4 
6.0 
4.3 
8.4 
8.2 
7.8 
4.9 
6.5 

10.7 

10.4 
2.6 

17.1 
1.6 

7.5 
5.7 
4.2 
3.4 
2.2 
6.7 
1.8 
6.0 
1.5 
5.6 
3.9 
11.9 
1.4 
6.5 
.7 


2.6 
1.4 
2.3 
14.5 
2.2 
4.8 
16.4 
14.2 
21.4 
4.6 
6.8 
1.1 
9.6 
1.8 

3.7 
9.0 
.3 
3.3 
4.9 

10.0 

.8 

7.6 

1.3 

26.3 
9.6 
3.6 
3.8 
1.3 
1.3 
5.8 
4.  1 


1.4 
1.8 
18.9 
0 
2.2 

.6 
12.9 
2.7 
3.4 
4.3 

.2 

.4 
9.0 

.4 

1.2 
3.3 
3.5 
8.1 
6.8 
3.9 
4.2 
3.4 

.8 
11.8 

.2 
5.4 


2 

.8 

8.4 

15.3 

2.5 

6.3 

2.9 

7.5 

2.9 

1.3 

7.6 

14.2 

15.8 

5.1 

1.6 

7.2 

2.8 

4.9 

0 

1.3 
.3 
1.4 
1.4 
1.0 
2.3 
6.2 
15.0 
4.6 
6.  1 
7.0 
2.0 
6.7 
1.3 

7.0 

1.7 

.5 

3.6 

.8 

2.5 

.3 

22.8 

8.0 

12.7 

3.4 

7.0 

1.3 

20.1 


2.8 

8.6 

.2 

2.9 

1.4 

15.9 

16.8 

.8 

4.0 

1.6 

3.4 

13.6 

1.8 

3.1 

6.3 

.9 

2.2 

4.7 

3.3 
1.6 
.8 
4.3 
1.4 
2.0 
1.6 
1.6 
9.6 
12.6 
3.9 
7.5 
2.2 
4.0 
2.0 

.7 

.5 
3.9 
4.1 
2.1 

.3 
1.8 
2.3 
4.2 
4.8 
9.7 

.7 


3 

.3 

15.  5 

8.4 

5.8 

.4 

.  0 

2.5 

8.5 

7.3 

1.0 

7.8 

9.0 

4.2 

14.0 

19.7 

6.9 

15.5 

2.3 

5.8 

6.3 

.4 

10.4 

1.5 

16.3 

5.2 

3.3 

6.2 

10.4 

3.7 

1.9 

2.7 

4.5 

2.5 

1.8 

2.1 

2.0 

8.3 

4.8 

.9 

6.3 

4.2 

8.1 

.9 

.7 

1.2 

1.4 

5.9 

2.0 

7.2 

3.5 

.7 

3.5 

6.8 

1.  1 

5.5 

2.7 

1.5 

13.4 

11.2 

3.8 

2.4 

.5 

1.4 

3.4 

6.3 

2.2 

5.5 

5.2 

13.4 

2.8 

1.8 

.6 

.2 

1.9 

9.4 

1.7 

7.3 

7.2 

5.9 

2.5 

4.1 

3.4 

7.9 

5.5 

8.2 

3.9 

6.6 

11.8 

1.8 

26.9 

9.4 

4.7 

4 

1.0 

11.4 

3.5 

5.3 

4.4 

.8 

.9 

1.1 

2.4 

.5 

1.2 

11.6 

2.9 

1.9 

2.2 

6.6 

6.5 

9.3 

13.6 

1.0 

4.9 

5.8 

2.5 

5.2 

5.8 

3.3 

7.3 

.3 

1.6 

3.3 

1.0 

4.5 

.4 

5.3 

2.8 

.3 

2.7 

8.5 

1.3 

1.7 

2.0 

2.2 

8.1 

.4 

1.0 

1.4 

5.0 

5.0 

.4 

3.2 

.2 

3.3 

.7 

5.2 

11.9 

5.5 

3.4 

14.8 

5.0 

6.5 

3.3 

4.0 

3.6 

8.3 

4.2 

1.9 

0 

5.2 

1.7 

1.4 

4.4 

1.8 

.4 

14.1 

8.9 

6.6 

2.6 

5.4 

1.3 

5.0 

4.6 

6.2 

8.4 

1.5 

.9 

.5 

.5 

6.1 

1.8 

10.6 

1.4 

Aver 
age 


1.0 
9.9 

7.6 
4.1 

5.3 
1.9 
4.2 
4.2 
4.8 
4.3 
7.8 

10.3 
4.7 
7.0 
9.9 
4.7 

11.0 
4.7 

0.7 
3.6 
2.4 
5.2 
1.9 
8.2 
3.8 
4.7 
7.5 
5.2 
3.8 
6.0 
1.8 
5.6 
1.2 

4.7 
2.3 
1.0 
4.2 
7.2 
1.7 
3.3 

11.4 
8.1 

10.8 
2.3 
4.0 
1.3 

10.2 
2.4 

3.5 
6.1 
.4 
3.2 
3.4 
8.0 
8.8 
4.2 
2.6 
14.0 
7.3 
6.9 
2.8 
2.2 
3.2 
4.6 
4.2 
4.4 

4.4 
3.4 
1.3 
9.5 
2.2 
2.0 
.8 
7.2 
5.8 
8.0 
3.1 
5.0 
3.8 
5.0 
2.5 

2.6 
3.4 
5.9 
4.8 
4.5 
2.2 
3.3 
5.9 
2.2 
13.5 
5.0 
3.0 


Honey- 

rulllll 


Section 
No. 


Per  cent 

.3 

4.5 

6.2 


.5 
2.8 
0 
0 
0 
0 
1.6 

.8 
1.4 
2.3 
1.9 
1.0 
4.2 

.4 

1.4 

0 

3.7 

2.3 

0 

1.3 

1.5 

.2 
3.6 
2.0 
0 
0 
3.4 

.9 
0 

.6 
O 
0 
0 

9.5 
0 
0 

2.6 
3.8 
3.8 

.6 
0 

1.7 
2.2 
0 

1.8 
8.1 
0 
0 
0 

12.0 
6.4 
0 

1.0 
8.0 
1.6 
0 

2.9 
0 

.2 
2.0 
2.6 

.3 

5.0 

2.9 

.4 

38.2 
1.4 
1.6 
2.4 

13.0 
4.2 

24.2 
9.6 
9.9 

11.3 
4.4 
2.5 

1.3 

0 

0 
.3 

0 
.4 
.5 

2.8 

0 
13.7 

3.4 

0 


173 

171 
175 
176 
177 
178 

179 
180 

1X1 

182 
183 
1S4 
185 

ISO 

187 
188 

IV! 

190 
191 

102 
193 

104 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 

209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 

224 
'J2:', 
226 
227 
228 
229 
230. 
231 
232 
233 
234 
235. 
236 
237. 
238 

239 

240. 

241 

242 

243. 

24 1 

245 

246. 

217 

248. 

249. 

250 

251. 

252 

253. 

254. 

255 
256. 
257 
258. 
259. 
2<iii 
261 
262 
263 
264 
265 


Modulus  of  rupture  in  pounds 
per  square  inch 


Aver- 


602 
566 
611 
641 

5SS 
549 

626 
571 
601 
630 
594 
546 
539 
627 
543 
650 
607 
502 
531 
503 
530 

767 
799 
793 
816 
720 
745 
735 
781 
715 
686 
691 
614 
697 
682 
700 

729 
728 
613 
662 
723 
690 
766 
742 
662 
738 
702 
710 
740 
713 
627 

653 
700 
777 
705 
728 
760 
710 
727 
751 
699 
718 
719 
797 
628 
808 

730 

787 
727 
753 
690 
721 
718 
731 
615 
784 
647 
776 
658 
728 
756 

690 
672 
595 
542 
645 
709 
664 
662 
682 
520 
673 


526 
503 
520 
534 
553 
586 

613 
563 
600 
585 
505 


;,ss 
525 
457 
561 
507 
388 
520 
393 
465 

674 
696 
728 
729 
680 
727 
606 
772 
581 
741 
593 
630 
OSO 
674 
629 

671 
691 
638 
671 
575 
633 
722 
629 
493 
686 
687 
655 
721 
'624 
507 

682 
761 
665 
807 
673 
748 
550 
623 
721 
520 
687 
565 
789 
651 
789 

800 
753 
678 
776 
716 
705 
717 
755 
605 
713 
666 
603 
688 
742 
675 


708 
620 
678 
493 
661 
651 
588 
603 
923 
653 
523 


566 
562 
396 
532 
451 
519 

666 
518 
619 
591 
574 
513 
598 
597 
581 
550 
547 
518 
573 
501 
572 

761 
749 
716 
779 
705 
737 
717 
753 
708 
739 
727 
740 
655 
788 
708 

692 
658 
759 
674 
777 
780 
688 
717 
759 
665 
730 
690 
742 
704 
729 

694 
747 
737 
724 
697 
604 
710 
798 
773 
752 
712 
655 
445 
717 
758 

629 
727 
694 
670 
663 
678 
637 
683 
596 
635 
634 
712 
447 
570 
630 

650 
670 
532 
665 
587 
658 
566 
617 
614 
535 
638 
515 


573 
582 
568 
607 
466 
505 

657 

556 
612 
592 
584 
535 
571 
586 
436 
561 
578 
397 
556 
529 
475 

661 
699 
753 
741 
704 
763 
603 
806 
702 
799 
728 
750 
691 
779 
772 

816 
777 
670 
735 
791 
759 
766 
745 
636 
693 
745 
757 
735 
762 
742 

734 
736 
743 
774 
665 
690 
677 
743 
704 
777 
688 
662 
770 
663 
731 

747 

777 
662 
758 
737 
726 
691 
735 
603 
771 
753 
806 
650 
760 
744 

652 
667 
664 
684 
642 
644 
659 
675 
699 
688 
647 
600 


567 
553 
524 
578 
514 
540 

640 
552 
608 
600 
564 
531 
574 
584 
504 
580 
560 
451 
545 
482 
510 

716 
736 
748 
766 
702 
743 
665 
778 
676 
741 
685 
684 
683 
731 
702 

727 
714 
670 
686 
716 
716 
736 
708 
638 
696 
716 
703 
734 
701 
651 

691 
736 
730 
752 
691 
700 
662 
723 
737 
687 
701 
650 
700 
665 
772 

726 
761 
690 
739 
702 
708 
691 
726 
605 
726 
675 
724 
611 
700 
701 

650 
679 
603 
642 
592 
668 
635 
636 
650 
592 
653 
576 


Percentage  variation  from 

average 

Honey- 

comb 

1 

9 

3 

4 

Aver- 

age 

Per  cent 

6.2 

7.2 

.2 

1.1 

3.7 

0 

2.4 

9.0 

1.6 

5.2 

4.6 

O 

16.6 

.8 

24.4 

8.4 

12.6 

9.0 

10.9 

7.6 

8.0 

5.0 

7.9 

0 

14.4 

7.0 

12.3 

9.3 

10.9 

2.8 

1.7 

8.5 

3.9 

6.5 

5.2 

4.0 

2.2 

4.3 

4.  1 

2.7 

3.3 

.3 

3.4 

2.0 

6.2 

.7 

3.1 

13.5 

1.2 

1.3 

1.8 

.7 

1.2 

0 

5.0 

2.5 

1.5 

1.3 

2.6 

0 

5.3 

10.5 

1.8 

3.5 

5.3 

1.8 

2.8 

3.4 

.8 

2.3 

17.8 

6.1 

2.4 

4.2 

.5 

3.3 

2.3 

7.4 

10.1 

2.2 

.3 

5.0 

2.9 

7.7 

9.3 

15.3 

13.5 

11.4 

14.2 

12.0 

3.3 

5.2 

3.3 

6.0 

2.0 

8.4 

9.5 

2.3 

3.2 

5.8 

5.2 

11.3 

14.0 

14.9 

12.0 

13.0 

18.2 

2.6 

4.6 

5.1 

2.0 

3.6 

1.6 

4.4 

18.5 

3.9 

9.8 

9.2 

7.4 

3.9 

8.8 

12.2 

6.9 

8.0 

10.2 

7.1 

5.9 

6.3 

7.7 

6.8 

2.1 

8.6 

5.4 

1.8 

5.0 

5.2 

2 

6.0 

2.7 

4.3 

.7 

3.4 

0 

6.5 

4.8 

1.7 

3.3 

4.1 

0 

2.6 

3.1 

.4 

.3 

1.6 

.6 

.3 

2.2 

.8 

2.7 

1.5 

0 

10.5 

8.9 

7.8 

9.3 

9.1 

.8 

.4 

.8 

3.2 

3.6 

2.0 

0 

5  8 

14  1 

4  7 

3.8 

7.1 

3.9 

7.4 

0 

.3 

7.8 

3.9 

.4 

.9 

13.4 

6.1 

6.3 

6.7 

1.5 

10.2 

7.9 

8.2 

9.6 

9.0 

3.3 

2.0 

.9 

4.1 

1.2 

2.0 

.4 

6.7 

7.8 

7.8 

6.6 

7.2 

2.8 

.3 

10.4 

.9 

10.0 

5.4 

3.0 

.3 

7.7 

4.8 

12.2 

6.2 

0 

2.0 

3.2 

7.8 

8.8 

5.4 

0 

8.5 

4.8 

13.3 

0 

6.6 

7.8 

3.5 

2.2 

1.7 

7.1 

3.6 

0 

1.0 

19.7 

8.5 

10.5 

9.9 

1.8 

3.6 

11.6 

8.9 

6.0 

7.5 

2.6 

4.1 

1.9 

6.5 

4.1 

4.2 

0 

4.8 

11.2 

1.3 

5.2 

5.6 

2.2 

3.8 

22.7 

19.0 

.3 

11.4 

9.6 

6.0 

1.4 

4.5 

.4 

3.1 

0 

2.0 

4.0 

2.0 

4.1 

3.0 

0 

1.0 

6.8 

1.8 

7.7 

4.3 

.5 

.8 

1.8 

1.1 

.1 

1.0 

0 

1.7 

11.0 

.4 

8.7 

5.4 

3.0 

3.7 

22.1 

11.6 

14.0 

12.8 

10.2 

5.5 

1.3 

.4 

6.2 

3.4 

0 

4.9 

3.4 

1.5 

0 

2.4 

0 

6.4 

8.9 

1.0 

1.8 

4.5 

1.8 

6.3 

7.3 

3.7 

2.9 

5.0 

0 

5.4 

2.6 

.9 

3.8 

3.2 

0 

8.6 

6.9 

13.7 

1.4 

7.6 

3.6 

7.3 

16.9 

7.3 

2.3 

8.4 

4.7 

.6 

13.8 

10.4 

2.8 

6.9 

6.2 

1.9 

2.2 

4.9 

4.5 

3.4 

0 

1.7 

24.3 

9.5 

13.1 

12.2 

8.8 

2.4 

2.0 

1.6 

1.9 

2.0 
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Figure  32. — Relation  Between  Absorption  of  Cores  at  Nine  Months  and  Type  of  Finishing  Machine 


RESULTS  OF  ABSORPTION  TESTS  DISCUSSED 

In  order  to  develop  information  which  might  be  of 
assistance  in  studying  the  relative  durability  of  the 
various  mixes,  a  series  of  absorption  tests  was  made  on 
6-inch  cores  drilled  from  the  test  sections.  These  tests 
were  made  in  accordance  with  the  standard  method 
calling  for  5-hour  immersion  in  boiling  water,  as  speci- 
fied by  the  American  Society  for  Testing  Materials. 
The  average  percentage  by  weight  of  water  absorbed 
for  each  proportion  and  for  each  type  of  finishing 
machine  is  given  in  Figure  32.  The  average  absorption 
is  about  5.5  per  cent  for  all  conditions  with  the  excep- 
tion of  the  slag  concrete,  which  averages  about  7.5  per 
cent,  and  the  stone  concrete  finished  with  type  A 
finisher,  which  shows  about  5  per  cent.  There  is  a 
slight  tendency  for  the  absorption  to  decrease  with 
increasing  quantities  of  coarse  aggregate. 

These  tests  are  being  supplemented  now  with  a  series 
of  freezing  and  thawing  tests  on  a  similar  series  of  cores. 
It  is  hoped  that  it  will  be  possible  to  present  a  report 
covering  this  portion  of  the  investigation  at  an  early 
date. 

STUDIES  OF  INDIVIDUAL  TEST  SECTIONS 

In  order  to  make  it  possible  to  study  the  manner  in 
which  the  several  variables  which  were  being  investi- 
gated affected  the  relative  strength  of  individual  sec- 
tions, it  was  considered  advisable  to  plot  the  results  of 
tests  section  by  section.  This  has  been  done  in  Figures 
33  to  37,  inclusive,  in  which  the  results  of  the  various 
strength  tests  on  each  section  have  been  indicated, 
together  with  the  mix,  slump,  water-cement  ratio,  and 
averge  percentages  of  honeycomb.  In  each  group  of 
three  sections  the  concrete  having  the  lowest  slump 
appears  to  the  left  and  the  concrete  having  the  highest 
slump  to  the  right.  In  each  group  of  three  sections 
lines  have  been  drawn  between  the  plotted  values  of 
compressive  strength  and  modulus  of  rupture  to  indicate 
the  trend  of  variation  of  strength  with  increasing  slump. 
These  curves  should  not  be  looked  upon  as  indicating 
a  quantative  relation,  since  the  abscissa  does  not  repre- 
sent a  variable.  The  various  trends  to  which  atten- 
tion has  been  called  may  easily  be  traced  throughout 
the  entire  series  by  reference  to  these  figures.  There 
are  several  points  to  which  attention  is  especially  called. 

1.  For  each  group  of  tests  a  very  distinct  relation 
exists  between  the  consistency  of  the  concrete  as  meas- 


ured by  the  slump  test  and  the  water-cement  ratio. 
Almost  invariably  it  will  be  found  that,  in  each  group  of 
three  sections,  a  direct  relation  exists  which  indicates 
that  the  slump  test  is  a  very  good  measure  of  the  rela- 
tive amount  of  water  in  a  given  concrete,  even  within 
the  rather  narrow  limits  covered  by  tins  study. 

2.  In  general,  the  additional  water  required  to  main- 
tain workability  in  the  mixtures  containing  high  per- 
centages of  coarse  aggregate  does  not  result  in  an 
increase  in  slump.  The  upper,  left-hand  panel  of 
Figure  33  is  an  exception  to  this  rule. 

3.  The  crushing  strength  of  the  concrete  in  the 
individual  sections  follows,  in  general,  the  water-cement 
ratio  law.  Exceptions  may  be  observed  in  certain 
instances,  many  of  which  may  be  explained  by  the  use 
of  concrete  which  is  too  dry  to  be  workable.  It  must 
be  remembered,  of  course,  that  in  these  charts  each 
point  represents  the  average  of  only  two  tests  in  the 
case  of  the  control  specimens  and  the  cores  and  four 
tests  in  the  case  of  the  slabs.  Individual  variations 
from  the  general  rule  are  therefore  not  surprising. 

4.  There  is  a  marked  tendency  for  the  flexural 
strength  of  both  beams  and  slabs  to  fall  off  for  the  dry 
mixes.  The  tendency  is  more  marked  in  the  case  of 
the  slabs,  probably  because  of  the  fact  that  under  the 
standard  method  of  molding  employed  for  the  control 
beams  it  was  possible  to  fabricate  more  uniform  speci- 
mens with  the  drier  mixes  than  by  the  methods  employed 
in  placing  the  slabs.  This  tendency  is  illustrated  by 
reference  to  sections  3,  17,  25,  32,  50,  71,  85,  122,  149, 
180,  211,  230,  and  247. 

5.  In  60  out  of  a  total  of  89  groups  of  three  sections 
each,  the  section  having  the  highest  water-cement  ratio 
showed  a  slab  strength  as  high  as  or  higher  than  the  cor- 
responding section  in  the  same  group  having  the  lowest 
water-cement  ratio.  Attention  is  called  to  the  fact 
that  in  each  group  of  three  sections  the  range  in  water- 
cement  ratio  was  only  sufficient  to  produce  a  variation 
in  consistency  from  dry  to  medium  and  that  in  no  case 
was  the  water-cement  ratio  high  enough  to  produce  con- 
crete of  wet  or  sloppy  consistency. 

It  should  also  be  noted  that  whereas  the  drier  mixes 
would  for  the  most  part  be  rated  as  workable  by  lab- 
oratory standards,  such  mixes  were  not  in  general 
found  to  be  workable  under  the  methods  of  placing  and 
finishing  pavement  slabs  now  commonly  used.  The 
dry  mixes  may  therefore  be  considered  as  lying  outside 
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Figure  36. — Comparison  of  Values  of  Compressive  Strength,  Modulus  of  Rupture,  Per  Cent  Honeycomb,  Water- 
Cement  Ratio,  and  Slump  for  All  Sections  of  Stone  Concrete,  Round  2 
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Figure  37. — Comparison  of  Values  of  Compressive 
Strength,  Modulus  of  Rupture,  Per  Cent  Honey- 
comb, War-Cement  Ratio,  and  Slump  for  All  Sec- 
tions of  Slag  Concrete 

of  the  range  of  plastic  mixes  to  which  the  water-cement 
ratio  law  applies,  and  this  fact  accounts  for  the  falling 
off  in  strength. 

6.  In  these  same  60  groups,  the  section  in  each  group 
having  the  lowest  water-cement  ratio  was  honeycombed 
in  all  cases.  On  the  other  hand,  in  40  out  of  the  60 
groups,  honeycomb  was  entirely  absent  from  the  section 
having  the  highest  water-cement  ratio,  with  13  out  of  the 
remaining  20  showing  less  than  1  per  cent  honeycomb. 

7.  The  slump  for  the  driest  mix  in  each  group  aver- 
aged from  one-fourth  inch  to  1  inch,  while  the  slump  for 
the  corresponding  section  in  each  group  having  the 
highest  water-cement  ratio  averaged  from  2  to  3  inches. 

The  above  indications  point  emphatically  to  the  dan- 
ger of  using  mixes  of  less  than  2-inch  slump  in  concrete 
paving  work  with  the  methods  of  finishing  in  common 
use  to-day.  The  use  of  medium  consistencies  such  as 
were  obtained  in  these  tests  with  a  2  to  3  inch  slump 
will  not  only  give  as  high  or  higher  slab  strength  than 
the  drier  mixes  but  will  greatly  decrease  the  tendency 
to  honeycomb  and  thus  will  promote  uniformity. 

8.  In  general,  the  presence  of  honeycomb  in  the  slabs, 
although  very  seriously  affecting  the  flexural  strengths 
of  the  slabs  themselves,  was  not  accompanied  by  lower 
crushing  strengths  of  the  cores  drilled  from  the  slabs. 
Neither  was  there  any  relation  between  the  extent  of 
honeycomb  in  the  test  slabs  and  the  amount  of  honey- 
comb in  the  cores  drilled  therefrom.  These  observa- 
tions lead  to  the  conclusion  that  neither  the  crushing 
strength  nor  freedom  from  honeycomb  of  cores  is  neces- 
sarily an  indication  of  the  homogeneity  of  the  concrete 
in  the  slab. 


CONCLUSIONS  STATED 

For  the  materials,  proportions,  and  methods  of  plac- 
ing used  in  these  tests  the  results  of  the  investigation 
justify  the  following  conclusions: 

1.  For  a  constant  sand-cement  ratio  an  increase  in 
the  quantity  of  coarse  aggregate  beyond  the  limits 
ordinarily  employed  in  practice  decreased  the  strength 
of  the  concrete  in  the  pavement  substantially  in  pro- 
portion to  the  amount  of  additional  water  required  to 
maintain  workability. 

2.  For  corresponding  increases  in  the  water-cement 
ratio  the  percentage  of  reduction  in  flexural  strength 
was  somewhat  less  than  the  percentage  of  reduction  in 
crushing  strength. 

3.  The  workability  and  uniformity  in  strength  of  the 
concrete  was  decreased  in  proportion  to  the  amount  of 
coarse  aggregate  added. 

4.  The  workability  of  the  concrete  was  greatly 
reduced  by  decreasing  the  maximum  size  and  at  the 
same  time  increasing  the  amount  of  fines  in  the  gravel 
coarse  aggregate,  even  though  the  corresponding  varia- 
tions in  the  percentage  of  voids  in  the  gravel  and  in  the 

value  of  r-  for  the  concrete  were  small. 

5.  For  the  gravel  concrete  the  reduction  in  work- 
ability for  any  mix  caused  by  the  use  of  the  poorly 
graded  gravel  was  greater  than  the  reduction  in  work- 
ability caused  by  increasing  the  percentage  of  coarse 
aggregate  in  the  concrete  containing  the  well  graded 
material.     (See  fig.  22.) 

6.  For  a  given  consistency  as  measured  by  the  slump 
test,  different  gradations  of  gravel  produced  different 
degrees  of  workability.     (Fig.  23.) 

7.  For  a  given  gradation  of  coarse  aggregate  the 
consistency  as  determined  by  the  slump  test  measured 
the  workability  of  the  concrete. 

8.  For  a  given  proportion,  higher  slab  strengths  were 
obtained  with  concrete  having  a  medium  consistency 
(2  to  3  inches  slump)  than  with  very  dry  concrete  (% 
to  1  inch  slump) . 

9.  In  order  to  obtain  satisfactory  uniformity  and 
freedom  from  honeycomb  it  was  necessary  to  use  a 
consistency  corresponding  to  a  slump  of  approximately 
2  to  3  inches. 

10.  The  various  types  of  finishing  machine  employed 
in  these  tests  gave  approximately  the  same  results. 

11.  For  concrete  reasonably  free  from  honeycomb, 
the  strength  of  the  control  beams  appeared  to  be  a 
satisfactory  measure  of  the  strength  of  the  correspond- 
ing pavement  slab. 

12.  Neither  the  amount  of  honeycombing  observed 
hi  the  drilled  cores  or  the  crushing  strengths  developed 
by  the  drilled  cores  measured  the  extent  of  honeycomb 
in  the  pavement  slabs  or  the  flexural  strength  developed 
by  the  pavement  slabs. 

RECOMMENDATIONS 

On  the  basis  of  the  information  produced  by  these 
tests,  the  following  recommendations  are  made: 

a.  That  all  specifications  for  concrete  for  pavements 
contain  a  definite  requirement  covering  consistency. 
The  slump  test  is  recommended  for  this  purpose. 

b.  That  the  use  of  paving  mixes  showing  less  than 
2-inch  slump  should  be  discouraged. 

c.  That  specifications  for  consistency  of  paving  con- 
crete to  be  finished  by  any  of  the  methods  now  in  use 
be  revised  when  necessary  to  provide  that  the  concrete 
have  a  consistency  corresponding  to  a  slump  of  from 
2  to  3  inches. 
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THE  SOIL  PROFILE  AND  THE  SUBGRADE  SURVEY 

Reported  by  W.  I.  WATKINS,  Assistant  Soil  Surveyor,  U.  S.  Bureau  of  Chemistry  and  Soils,  and  HENRY  AARON,  Assistant  Highway  Engineer,  U.  S.  Bureau 

of  Public  Roads 


SUBGRADE  soil  profiles,  the  importance  of  which 
with  respect  to  road  construction  is  discussed  in  this 
report,  are  studied  and  mapped  in  the  field  accord- 
ing to  procedures  suggested  by  the  pedologist.  How- 
ever, the  highway  engineer  is  interested  only  in  those 
soil  properties  upon  which  the  service  ability  of  pave- 
ments depend.  Some  of  these  properties  are  often  of 
minor  significance  in  an  agricultural  sense.  In  other 
cases  the  scale  adopted  in  the  publication  of  reports  of 
agricultural  soil  surveys  is  too  small  to  show  all  of  them. 
For  this  reason  attention  in  field  and  laboratory  is  di- 
rected specifically  to  those  properties  which  are  im- 
portant in  road  construction.  The  final  map  of  the 
subgracle  soil  profile  discloses  those  engineering  proper- 
ties of  soils  which  are  determined  by  laboratory  tesis, 
as  well  as  those  physical  characteristics  which  are  iden- 
tified by  the  soil  scientist. 

Information  furnished  by  the  soil  scientist  which 
assists  the  engineer  both  in  the  study  of  subgrade  pro- 
files and  in  the  interpretation  of  existing  soil  data  is 
contained  in  the  reports  listed  in  the  attached  bibliog- 
raphy. : 

THE  SOIL  PROFILE  DESCRIBED 

According  to  Dr.  C.  F.  Marbut  (1)  the  soils  of  the 
United  States  may  ,be  divided  into  two  large  cate- 
gories: (1)  Pedalfers  and  (2)  pedocals.  The  pedalfers 
are  soils  that  tend  to  accumulate  iron  and  aluminum 
and  have  no  horizon2  of  lime  carbonate  accumulation, 
even  if  the  soils  have  limestone  as  parent  material.  The 
accumulation  of  lime  carbonate  and  other  salts  is  a 
characteristic  feature  of  pedocals.  This  discussioD  is 
based  on  studies  covering  a  wide  range  of  pedalfer  and 
a  few  pedocal  soil  types  established  by  the  Bureau  of 
Chemistry  and  Soils. 

A  vertical  section  of  the  weathered  soil  layers,  having 
different  characteristics  though  uniformly  weathered 
within  themselves,  is  known  as  the  soil  profile.  In  soil 
technology  the  term  "soil  profile"  applies  to  the 
weathered  layers  which  constitute  what  is  known  as 
the  solum  and  the  material  immediately  underlying  it. 
In  the  well-drained  upland  soils  of  the  humid  region 
the  solum  is  ordinarily  less  than  10  feet  in  thickness 
and  is  usually  composed  of  a  lighter-textured  upper  and 
a  heavier-textured  lower  layer,  both  of  which  may  have 
sublayers. 

A  soil  type  is  the  soil  unit  and  is  as  definite  an  object 
as  any  other  classified  object,  animal,  or  plant,  and 
always  presents  approximately  the  same  physical  char- 
acteristics (5,  6).  A  soil  series  is  a  group  of  soil  types 
that  have  profiles  uniform  in  all  respects  except  the 
texture  of  the  surface  layer. 

Practically  all  modern  soil  research  is  conducted  upon 
the  basis  of  the  soil-type  profile.  There  is  no  desire  to 
create  the  impression  that  every  soil  type  or  soil  layer 
differs  widely  from  all  other  soil  types  or  soil  layers; 

1  Italic  figures  in  parentheses  reftr  to  the  reports  listed  in  the  bibliography. 

2  In  standard  soil  descriptions  for  humid  regions  the  light-textured  surface  layer  is 
designated  the  A  horizon,  the  underlying  heavier-textured  layer  as  the  B  horizon,  and 
the  third  layer,  consisting  of  the  unweathered  or  incompletely  weathered  geological 
formation,  as  the  C  horizon.  The  'A  and  B  horizons  constitute  the  real  soil  profile,  the 
Solum  horizon  of  Frosterus,  while  the  C  horizon  is  part  of  the  parent  geological  forma- 
tion not  made  significantly  lighter  or  heavier  in  texture  by  soil-making  processes.  An 
horizon  may  have  subhorizons  such  as  Ai,  A2,  etc.  For  highway  purposes,  the  various 
layers  are  numbered  consecutively  from  the  surface  down  without  designating  any 
horizon.  For  example,  instead  of  layers  Ai,  A2,  B,  etc.,  we  have  layers  1,  2,  3,  etc. 
Some  soil  surveyors  designate  these  layers  as  zone  1,  zone  2,  zone  3,  etc. 
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but  it  is  believed  that  the  method  of  classification  based 
on  soil  types  furnishes  the  most  economical  basis  for 
studying  soils  and  utilizing  the  information  obtained 
for  any  given  purpose.  After  the  properties  or  be- 
havior of  the  layers  of  a  soil  type  are  once  determined 
the  data  obtained  will  be  immediately  and  continuously 
available  and  may  be  of  use  in  connection  with  studying 
any  branch  of  science  in  any  way  pertaining  to  soil, 
such  as  agriculture,  erosion,  corrosion,  drainage,  road 
construction,  and  so  on.  Such  information  is  applicable 
wherever  the  soil  type  from  which  the  information  was 
obtained  is  found.  The  behavior  of  soil  layers  common 
to  the  individual  soil  types  of  a  soil  series  or  of  a  closely 
related  soil  series  may  thus  be  ascertained  by  deter- 
mining the  behavior  of  such  a  common  layer  in  one  or 
more  of  the  closely  related  soil  types.  Additional  dis- 
cussion of  the  soil  profile  is  contained  in  a  report  by 
Jofl'e  (2).  Figures  1  to  4,  inclusive,  illustrate  the  char- 
acter of  the  material  encountered  in  the  determination 
of  soil  profile. 

SOIL  PROFILE  AS  RELATED  TO  ROAD  CONSTRUCTION 

One  can  readily  understand  that  the  characteristics 
of  the  soil  profile  control  percolation,  capillarity,  seep- 
age— in  fact,  all  internal  water  movement  except  that 
influenced  by  nonsoil  agencies,  such  as  animal  burrows, 
root  holes,  etc.  The  influence  of  the  soil  layers  on  the 
nature  of  water  movement  will  change  if  the  soil  is  in 
any  way  disturbed.  The  degree  of  change  will  depend 
on  the  extent  to  which  the  natural  characteristics  are 
destroyed.  The  resistance  to  change  of  the  natural 
characteristics  and  the  subsequent  effect  on  soil  be- 
havior are  governed  largely  by  the  relative  amounts  of 
silt  and  colloids,  and  the  chemical  composition  of  the 
colloids  (7).  Certain  other  constituents  such  as  dia- 
toms and  mica  flakes  have  a  decided  influence  upon  the 
physical  behavior  of  a  soil  (8).  The  soil  characteristics, 
their  descriptive  terms,  and  the  influence  they  may 
have  on  subgrade  soil  behavior  are  summarized  in  the 
following  paragraphs : 

Texture. — For  sand  or  sandy  loams:  Coarse,  medium, 
fine,  very  fine.  Other  soils  classified  by  texture  as  loam, 
silt  loam,  clay  loam,  silty  clay  loam,  clay.  May  reflect 
plasticity,  density,  slumping,  porosity,  expansion,  con- 
traction, capillarity,  susceptibility  to  compaction,  elastic- 
ity, percolation,  water  absorption,  erosion,  structure. 

Color. — Black,  red,  brown,  yellow,  drab,  gray, 
mottled.  May  reflect  organic  content,  oxidation, 
leaching,  chemical  content,  structure,  erosive  qualities. 

Structure. — Buckshot,  granular,  columnar,  cloddy, 
crumb,  adobe,  dense,  massive,  laminated,  nut,  mealy, 
structureless.  May  reflect  capillarity,  percolation, 
porosity,  water  absorption,  internal  drainage,  bulking 
on  being  disturbed,  susceptibility  to  compaction, 
elasticity. 

Coyisistency . — Brittle,  hard,  compact,  tough,  tena- 
cious, sticky,  plastic,  cheesy,  friable,  mellow,  loose. 
May  reflect  capillarity,  percolation,  porosity,  water 
absorption,  internal  drainage,  bulking,  compactibility, 
elasticity,   supporting   power. 

Compactness. — Clay  pan,  hardpan;  soils  also  classi- 
fied by  degree  of  compaction.  May  give  idea  of  bulk- 
ing, internal  water  movement,  degree  of  support. 
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Cementation. — Classified  by  cementing  material  and 
degree  of  cementation.  May  give  idea  of  bulking, 
internal  water  movement,  degree  of  support. 

Chemical  composition. — Significant  chemicals  are 
iron,  calcium,  concretions,  alkali,  sesquioxides,  ex- 
changeable bases,  pll  value.  May  affect  structure, 
adhesiveness,  friability,  plasticity,  drainage  and  water 
movement,  formation  of  hardpans,  expansion,  con- 
traction, water  retention,  heat  of  wetting. 


Figure  1. — Profile  of  Iredell  Silt  Loam  Showin< 
Lighter-Textured    Upper    Soil    Layer,    (2)   Heavy, 
Plastic,  Sticky,  Waxy  Clay,  and  (3)  Decomposed  Rock 

Organic  content  classified  by  kind  of  material  and 
degree  of  decomposition;  influences  water  absorption, 
temperature,  firmness,  stability,  compatibility  and 
springiness. 

In  nonalkali  soils  the  percentage  of  colloids  and  their 
chemical  composition  are  probably  the  most  important 
factors  controlling  such  soil  characteristics  as  consistency, 
structure,  and  porosity.  This  is  especially  true  of  the 
silica  sesquioxide  ratio.  Soils  containing  colloids  with 
a  low  silica  sesquioxide  ratio,  i.  e.,  colloids  high  in  the 
sesquioxides  of  iron  and  aluminum  and  low  in  the 
oxides  of  silica,  shrink  and  expand  but  slightly  at 
extremes  of  moisture  content,  are  not  very  plastic  or 
excessively  sticky,  and  are  more  friable,  more  porous, 
and  less  plastic  than  soils  containing  an  equal  amount 
of  colloids  with  a  high  silica  sesquioxide  ratio  (9,  10). 
Some  highly  colloidal  clays  of  low  sesquioxide  ratio 
make  better  road  subgrades  than  other  soils  containing 
less  colloids  with  a  high  silica  sesquioxide  ratio  (11). 

Texture  has  usually  been  taken  as  an  index  of  the 
rate  of  percolation,  but  structure  is  now  considered  of 


equal  or  greater  importance  (12),  and  the  destruction 
of  the  natural  structure  may  increase  or  decrease  the 
rate  of  percolation.  The  variability  in  percolation 
rates  of  the  various  soil  layers  or  soil  material  causes  and 
controls  seepage  or  lateral  water  movement.  Seepage 
develops  when  the  amount  of  water  percolating  through 
any  one  soil  layer  exceeds  the  percolating  rate  of  that 
below.  The  amount  of  lateral  movement  is  governed 
by  the  amount  of  water  and  differences  in  rate  of  perco- 
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Figure  2. — Profile  of  Leonardtown  Silt  Loam  Showing 
(1)  Grayish  Brown  Granular  Silt  Loam,  (2)  Brown, 
Granular  Silty  Clay  Loam,  (3)  Gray,  Compact,  Sandy 
Hardpan,  (4)  The  Friable  Clay,  and  (5)  The  Compact 
Clay 

lation.  It  will  be  seen  that  water  movement  depends 
not  only  on  the  character  of  any  particular  layer  but  also 
on  its  relation  to  other  associated  layers  and  the  effect  of 
local  climatic  conditions.  A  silt  loam  may  block  or 
retard  percolation  in  a  soil  profile  where  the  silt  is  over- 
lain by  sands  or  may  act  as  a  water  carrier  if  underlain 
by  compacted  sands  or  clays.  In  some  soil  profiles  clay 
layers  may  act  as  water  carriers  if  underlain  by  denser, 
less  pervious  layers.  Stratified  soils,  dense  clays,  and 
hardpans  are  frequently  causes  of  seepage.  Silts,  sands, 
and  gravels  are  the  most  prolific  carriers.     Cleavage 


Figure  '.i. — Road  Cut  Through  a  Bed  of  Stratified  Sands 
and  Gravels  in  Glacial  Drift.  Notice  How  Gravel 
Deposit  Ends  Abruptly  at  Right  of  Photograph 

planes  in  geological  materials  are  also  channels  for 
lateral  water  movement.  Figure  5  shows  cleavage 
planes  in  shale.  The  soil  profile  discloses  these  water- 
carrying  layers  in  the  field.  Through  its  control  of 
water  movement,  the  soil  profile  furnishes  a  basis  for 
the  design  of  drains.  The  proper  location  of  drains 
with  respect  to  the  soil  profile  is  illustrated  in  Figure  G. 
The  study  of  soil  profiles  has  shown  frost  boils  to  be 
confined  to  certain  soil  materials  or  soil  layers  by  them- 
selves, or  in  combination  with  other  soil  materials  or 
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Figure  4. — A  Cut  Through  Collington  Loam.  The 
Material  Outlined  in  the  Lower  Part  of  the 
Photograph  Contains  Diatoms,  Is  Porous  and 
Light  in  Weight  in  Its  Natural  Condition,  Holds 
Enormous  Amounts  of  Water,  Has  Little  Stabil- 
ity When  Wet  and  Is  Distinguished  by  a  Soapy 
Feel 

layers  possessing  certain  definite  characteristics.  These 
studies  have  shown  the  very  fine  sands,  silt  loams,  and 
silty  clay  loams  having  little  or  no  apparent  soil  struc- 
ture to  be  the  greatest  sources  of  frost  boils  where  these 
soils  or  soil  materials  are  found  associated  with  water 
carriers  or  where  they  act  as  water  carriers  themselves. 
In  New  Hampshire,  for  example,  frost  boils  were  found 
to  be  associated  mainly  with  stratified  silty  clay  loams 
and  very  fine  sandy  loams  that  retarded  percolation  or 
had  seepage  characteristics,  and  carried  the  water  into 
the  subgrade,  where  it  froze. 

In  Minnesota  frost  boils  are  found  to  occur  most 
frequently  in  soil  material  having  no  readily  determina- 
ble structure,  and  vary  in  degree  of  severity  depending 
on  the  soil  material  and  source  of  water.  The  more 
variable  the  soil  and  the  more  water  available,  the  more 
severe  the  frost  boil  development.  The  extremely  vari- 
able glaciated  soil  materials  of  this  region  probably 
develop  the  most  severe  heaving. '  Less  severe  heav- 
ing occurs  in  the  structureless  loessial  soil  material  of 
southeastern  Minnesota.  Figure  7  is  a  diagrammatic 
illustration  of  a  frost  boil  and  its  relation  to  the  soil 
profile  of  a  glaciated  soil,  while  Figure  8  shows  the  same 
for  a  loessial  soil.    These  drawings  represent  actual  cases. 

This  structureless  loessial  soil  material  is  a  silt  loam 
containing  a  high  percentage  of  very  fine  sand,  has  a  high 
water-holding  capacity,  is  unstable  when  wet,  and  has  a 
texture  likely  to  produce  maximum  active  capillarity. 
The  material  is  underlain  by  a  heavy,  slightly  pervious 


clay  that  restripts  percolation  and  muses  a  water  table 
to  develop  just  above  the  clay.  This  water  table  may 
supply  the  water  to  the  road  surface  by  capillarity. 

Capillarity  is  controlled  by  structure  and  density  as 
well  as  by  texture.  The  soil  types  overlying  the  loessial 
soil  material  seldom  develop  frost  boils  if  in  their 
natural  condition,  but  if  disturbed  and  used  as  fill  in 
poorly  drained  areas  are  likely  to  become  soft  during  the 
spring,  as  silty  soils  do  not  have  resistant  structure  and 
are  likely  to  have  more  active  capillarity  when  the 
structure  is  destroyed. 
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Figure  5. — Stratifications  in  Shale.  The  Contact 
Planes  Between  the  Different  Shale  Strata  Are 
Potential  Planes  of  Water  Seepage 

The  soil  profile  offers  a  means  for  the  study  of  the 
design  and  construction  of  fills  and  back  slopes  in 
different  soil  types  and  under  different  drainage  con- 
ditions. With  a  knowledge  of  the  physical  character- 
istics of  the  various  layers  of  the  soil  profile,  the  sta- 
bility of  the  different  layers  in  place  or  when  combined 
in  fill  may  be  determined.  This  information  will 
establish  the  slope  of  fills  and  back  slopes  which  will 
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Figure  6. — Drains  Should  Extend  Through  the  Entire 
Depth  of  the  Pervious  Layer  and  Into  the  Impervious 
Layer 

have  to  conform  to  the  layer  or  material  having  the 
smallest  angle  of  repose;  or  remedies  will  have  to  be 
adopted  to  increase  its  angle  of  repose.  There  is  a 
possibility  of  establishing  fairer  grading  contracts 
through  a  knowledge  of  the  amount  of  the  various  soils 
or  soil  materials  which  are  to  be  moved,  as  such  data 
make  possible  a  closer  estimate  of  the  cost  of  handling. 
The  characteristics  of  a  soil  and  its  value  as  a  sub- 
grade  under  different  conditions  are  directly  reflected  in 
the  condition  of  the  road  surface.  Rigid  pavements 
are  affected  by  inequalities  of  subgrade  support.  Non- 
rigid  pavements  are  chiefly  affected  by  low  road  sup- 
porting power.     Studies  have  shown  that  the  subgrade 
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Figure  7. — Frost  Boil  in  Glaciated  Soil  Materials 

soil  exerts  important  influence  upon  the  distance 
between  transverse  cracks  in  concrete  roads,  and  that 
excessive  longitudinal  cracking  develops  on  definite 
layers  of  certain  soil  types.  Other  soil  characteristics, 
such  as  swelling,  aflinity  for  water,  rebound,  etc.,  are 
detrimental  to  concrete  before  it  sets  as  it  is  then  a 
flexible  pavement.  Figures  9  and  10  show  the  relation 
which  exists  between  the  various  soil  zones  of  a  soil 
type  and  the  pavement  condition.  In  addition  to  the 
effect  of  the  soil  itself,  these  results  are  affected  by 
climate,  rainfall  and  temperature  range.  With  a 
knowledge  of  these  factors  it  is  possible  to  control  the 
effects  on  the  pavement  by  subgrade  preparation  and 
slab  design.  The  importance  of  the  subgrade  soil 
properties  is  especially  observed  in  the  performance  of 
oil  and  gravel  road  surfaces,  since  a  portion  of  the  soil 
is  incorporated  with  the  surfacing  material.  By  using 
the  soil  profile  as  a  basis  for  correlating  the  different 
types  of  road  deterioration  or  condition,  it  has  been 
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plan  view 
Figure  8. — Frost  Boil  in  Structureless  Silt 

possible  to  determine  under  what  conditions  and  upon 
what  soil  layer  or  soil  material  of  a  soil  type  the  differ- 
ent kinds  of  road  failures  can  be  expected. 

The  correlation  of  the  condition  of  roads  in  service 
with  the  soil  profile  and  the  determination  of  the 
physical  characteristics  of  the  layers  composing  the 
profile  as  disclosed  by  laboratory  tests  form  the  basis 
for  the  grouping  of  subgrade  soils  according  to  per- 
formance. The  success  obtained  by  these  correlation 
studies  shows  that  the  soil  profile  is  a  reliable,  scientific, 
and  economical  means  of  approaching  and  solving  sub- 
grade  soil  problems.  Furthermore,  the  soil  profile 
offers  a  method  for  the  practical  application  of  sub- 
grade  research  to  highway  construction. 


DETERMINATION  OF  THE  SOIL  PROFILE 

The  soil  profile  is  determined  by  examining  the  soil 
in  its  natural  field  condition.  This  work  is  best  ac- 
complished by  examining  excavations,  road  cuts,  etc., 
but  the  method  of  using  a  soil  auger  is  the  most  com- 
mon. There  is  no  definite  rule  to  follow  in  making 
these  examinations,  except  that  the  soil  should  be 
examined  at  intervals  close  enough  to  determine  the 
soil  type  and  by  borings  deep  enough  to  penetrate  the 
more  or  less  non-uniform  layers  of  soil  or  soil  material. 

According  to  Doctor  Marbut  (4)  the  examination  of 
the  soil  section,  after  the  locality  has  been  determined 
upon,  should  proceed  in  a  systematic  way  somewhat 
as  follows: 

1.  Texture.3 — The  successive  layers  or  horizons  differ- 
ing in  texture,  or  in  fineness  or  coarseness  of  the  ma- 
terial, should  be  carefully  examined.  The  examination 
should  extend  to  a  depth  of  at  least  5  or  6  feet.  The 
texture  of  each  layer  and  its  thickness  should  be 
described. 
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Figure  9. — Relation  of  Various  Soil  Zones  to  Pave- 
ment Condition 

2.  Color. — The  successive  layers  which  can  be  differ- 
entiated according  to  differences  in  color,  should  be 
noted.  Each  layer  shoidd  be  described  and  its  thick- 
ness given. 

3.  Structure. — The  several  layers  that  differ  accord- 
ing to  structure  should  be  examined  carefully,  struc- 
ture being  defined  as  the  kind  and  size  of  soil  particle 
aggregation.  Special  note  should  be  made  of  horizons 
with  (a)  fine  granular  structure  (granules  about  the 
size  of  bird  shot  or  smaller);  (b)  coarse  granular  struc- 
ture (granules  ranging  up  to  half  an  inch  or  more  in 
diameter  and  usually  more  angular  or  irregular  in  shape 
than  the  granules  making  up  the  fine  granular  struc- 
ture); (c)  layered  or  platy  structure,  in  which  the 
material  splits  into  thin  plates  (not  to  be  confused 
with  stratification);  (d)  buckshot  structure,  in  which 
the  soil  on  drying  breaks  up  into  angular  fragments 
(found  to  characterize  heavy  clays  usually  having  a 
considerable  percentage  of  lime);  and  (e)  single-grain 
structure  in  which  the  material  is  like  flour  or  sand 
with  no  aggregation  of  particles. 

Jj.  Consistency. — A  determination  should  be  made  of 
the  successive  layers  or  horizons  differing  in  consistency 
(stickiness,  friability,  plasticity).  A  description  of 
each  should  be  given  and  its  thickness  noted. 

5.  Comjmctness. — The  relative  compactness  of  the 
several  layers  should  be  determined,  as  measured  by 
the  degree  of  resistance  to  the  penetration  of  a  pointed 
instrument . 

6.  Cementation. — It  should  be  determined  whether 
or  not  resistance  to  penetration  is  due  in  any  horizon  to 

3  The  terms  used  by  the  pedologist  in  describing  the  various  layers  of  the  soil  profile 
are  defined  in  Appendix  A  of  this  report. 
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Figure    10. — Cracking    Which    Developed    During   Curing  Period 


cementation.  If  so,  the  probable  cementing  material 
(light  colored  or  reddish,  very  strongly  cemented  or 
weakly  cemented)  should  be  ascertained. 

7.  Chemical  composition—  While  the  determination  of 
the  chemical  composition  of  the  various  parts  of  the 
soil  section  or  profile  can  not  be  performed  in  the  field 
by  the  usual  field  methods,  there  are  certain  features 
that  may  be  determined  in  at  least  a  qualitative  way. 
Field  examination  can  detect  the  presence  of  horizons 
with  concentrations  of  organic  matter  or  of  salts  of  the 
alkalies  and  alkaline  earths. 

The  organic  matter  referred  to  here  is  that  contained 
in  the  soil  and  not  that  lying  on  the  soil.  Of  this  there 
are  two  kinds  to  be  looked  for.  (a)  The  organic  matter 
in  the  surface  soil  is  recognized  by  the  dark  color,  and 
the  approximate  relative  percentage  present  is  indicated 
by  the  intensity  of  the  dark  color.  The  determination 
of  the  thickness  of  the  dark-colored  layer  in  the  virgin 
soil  is  very  important,  (b)  In  some  soils,  usually  con- 
fined to  regions  with  a  cool,  moist  climate,  there  is 
present,  at  a  depth  ranging  from  6  inches  or  less  to 
somewhat  more  than  a  foot,  a  layer  of  brown  or  coffee- 
brown  organic  matter  forming  a  film  6  or  8  inches  in 
thickness. 

The  salts  of  the  alkalies  and  alkaline  earths  accumu- 
late in  the  soil  under  favorable  conditions.  Since  the 
work  here  contemplated  is  general  and  the  soil  charac- 
teristics dealt  with  are  those  of  wide  regional  distribu- 
tion, we  may  practically  neglect  all  salts  except  the 
carbonate  of 'lime.  The  more  soluble  salts  constituting 
what  is  usually  known  as  "alkali"  are  present  in 
relatively  small  areas  and  may  be  neglected,  or  the  soils 
in  which  they  occur  may  be  designated  merely  as 
alkali  soils. 

Horizons  of  lime  carbonate  accumulation  may  be 
identified  readily  by  anyone  and  should  be  looked  for 
where  the  rainfall  is  less 'than  17  to  18  inches  per  year  in 
cool  to  cold  climates  and  30  inches  per  year  in  hot  or 
very  warm  climates.     The  unweathered  material  be- 


neath the  soil  in  any  region,  arid,  subhumid,  or  humid 
may  have  a  high  percentage  of  lime  carbonate,  but 
such  material  should  not  be  confused  with  the  horizon 
of  due  lime  carbonate  accumulation. 

Sesquioxides  accumulate  in  the  soil  under  favorable 
conditions.  Since  accumulations  of  aluminum  hydrox- 
ide are  not  readily  identified  by  the  usual  field  methods 
these  may  be  left  out  of  consideration.  We  are  con- 
cerned, therefore,  with  accumulations  of  iron  oxides. 

Iron  oxides  occur  in  two  forms:  The  first  form  consists 
of  accumulations  of  finely  divided  or  colloidal  iron 
oxide  (hydroxide).  The  degree  of  concentration  may 
be  determined,  within  a  rather  wide  range  of  error,  by 
the  intensity  of  the  red  color.  The  existence  of  red 
horizons  in  the  soil  profile  should  be  noted  and  should  be 
illustrated  with  samples,  even  though  they  be  small. 
The  second  type  consists  of  accumulations  of  iron 
oxide  concretions  or  large  masses,  usually  porous  or 
slaglike.  This  statement  does  not  refer  to  ironstone 
slabs  or  ferruginous  sandstone  layers  which  may  be 
found  in  many  places  in  the  parent  geological  forma- 
tions. The  accumulations  referred  to  here  are  to  be 
found  either  in  the  B  horizon  or  at  the  top  of  the  C 
horizon.  In  hot  countries  they  take  the  form  of  thick 
masses  of  porous  slaglike  iron  oxide  lying  at  depths 
ranging  from  somewhat  less  than  3  to  more  than  15 
feet.  They  may  consist  of  fragments  scattered  over 
the  surface. 

MAPPING  THE  SOIL  PROFILE 

The  detailed  mapping  of  soil  profiles  is  accomplished 
in  the  following  manner: 

1.  Vertical  soil  sections  are  examined  at  frequent 
intervals  and  classified  into  layers  according  to  the 
method  described  above  (4).  The  interval  at  which 
soil  examinations  are  made  depends  on  the  uniformity 
of  the  soil  examined. 

2.  The  limits  of  the  various  layers  are  plotted  as 
shown  in  Figure  11,  A,  alternate  numbers  being  used 
to  indicate  the  layers.     At  test  hole  No.  1,  the  con- 
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secutive  layers  are  numbered  1,  3,  5,  etc.,  so  as  to 
allow  the  inclusion  of  any  other  layer  which  might 
enter  the  profile  within  the  section  mapped.  At  test 
hole  No.  4,  layer  2  is  mapped  between  layers  1  and  3. 
This  requires  the  examination  of  another  test  hole 
(No.  5),  or  perhaps  several,  between  Nos.  3  and  4,  to 
determine  the  horizontal  limits  of  layer  2. 

3.  The  profile  is  completed  by  connecting  the  points 
marking  the  limits  of  the  layers  as  shown  in  Figure 
11,  B. 

DETAILS  OF  THE  SUBGRADE  SURVEY  DESCRIBED 

The  purpose  of  the  subgrade  survey  is  to  furnish  the 
engineer  with  significant  information  on  the  following 
subjects: 

1.  The  final  location  of  the  road  both  vertically  and 
horizontally. 

2.  The  selection  of  suitable  fill  material. 

3.  The  design  of  the  roadway  section. 

4.  The  design  and  location  of  ditches,  culverts,  and 
drains. 

5.  The  need  for  subgrade  treatment  and  the  type 
required. 

6.  The  selection  of  the  type  of  road  surface  and  its 
design. 

The  subgrade  survey  consists  of  three  parts:  (a)  The 
determination  of  the  soil  profile,  (6)  the  determination 
of  the  physical  properties  of  the  soils  included  in  the 
profile,  and  (c)  the  mapping  of  the  profile  in  order  to 
supply  information  important  to  road  design. 

The  determination  of  the  physical  properties  of  soils 
and  soil  materials  and  their  grouping  according  to  per- 
formance has  been  discussed  in  previous  reports  (8,  13). 

The  method  of  making  the  subgrade  survey  depends 
on  the  type  of  information  required.  Two  types  of 
subgrade  survey  are  made,  (a)  surveys  to  furnish  in- 
formation with  respect  to  roads  in  service,  and  (b) 
surveys  to  furnish  information  with  respect  to  the  design 
of  new  roads. 

EQUIPMENT 

The  following  equipment  is  required  to  make  sub- 
grade  surveys: 

One  3-foot  soil  auger  and  three  3-foot  extensions  as  illustrated 
in  Figure  12. 

Two  small  pipe  wrenches. 

One  light  pick. 

One  shovel. 

A  supply  of  sample  bags. 

A  supply  of  tags  for  marking  samples. 

A  ball  of  twine. 

One  engineer's  level. 

One  hand  level. 

One  12-foot  level  rod,  three-section. 

One  100-foot  metallic  tape. 

One  12  by  15  inch  strip  of  stiff  cardboard. 

One  roll  of  20-inch  cross-section  paper,  10  divisions  to  the 
inch  each  way. 

Notebooks. 

A  supply  of  survey  stakes. 

One  camera  and  supply  of  films. 

A  supply  of  keel. 

SUBGRADE  SURVEY  TO  OBTAIN  INFORMATION  REGARDING  ROADS 
IN  SERVICE 

The  section  for  study  having  been  selected,  the  pro- 
cedure is  carried  out  in  the  following  manner: 

1.  The  section  is  staked  out,  the  original  construc- 
tion stations  being  used  if  possible.  Arbitrary  stations 
will  serve  the  purpose  when  it  is  not  convenient  to 
locate  original  stations. 

2.  Cross-sections  are  taken  every  50  feet  along  the 
center  line  or  oftener  if  topography  requires,  and  for  a 


distance  of  150  feet  on  each  side  of  the  center  line. 
Elevations  are  obtained  with  an  engineer's  level  to  the 
nearest  tenth  of  a  foot.  The  accuracy  of  an  engineer's 
level  is  necessary  for  the  construction  of  center-line 
and  bank-line  profiles,  but  a  hand  level  is  sufficiently 
accurate  for  the  topography  adjacent  to  the  highway. 
An  assumed  elevation  may  be  used  as  a  bench  mark. 


SCALES 

horizontal   -  i  inch  =  50feet 
vertical     -     i  inch  =    5feet 

Figure  11. — Example  of  Soil  Profile  Mapping,  Illus- 
trating the  Determination  of  Limits  of  Intermediate 
Layers  By  Supplementary  Borings 

3.  A  plan  of  the  roadway  is  drawn,  showing  the  type 
of  pavement,  type  of  failure,  portion  of  roadway  which 
is  built  over  an  older  road,  if  any,  and  any  special  con- 
struction.   A  scale  of  50  feet  to  the  inch  is  used. 

4.  Cross-section  notes  are  plotted  to  the  same  scale 
as  the  plan  of  roadway  and  contours  are  drawn  in  by 
interpolation. 

5.  The  bank-line  profiles  are  drawn  and  the  center- 
line  pi-ofile  is  projected  upon  them,  as  well  as  the  grade 
line  of  the  preexisting  road,  if  any.  The  horizontal 
scale  is  50  feet  to  the  inch.  The  vertical  scale  is  5  feet 
to  the  inch.  Ordinary  cross-section  paper,  20  inches 
wide  with  10  divisions  to  the  inch  each  way,  is  the 
most  convenient  type  of  record  sheet.  Sheets  are  cut 
to  a  length  of  30  inches,  folded  two  ways  and  clamped 
to  the  sheet  of  stiff  cardboard  12  inches  wide  and  15 
inches  long. 

G.  The  soils  are  mapped  and  the  profiles  plotted 
according  to  the  procedure  outlined  previously.  The 
desired  information  is  obtained  and  recorded  in  the 
following  manner: 

a.  The  back  slopes  are  scraped  down  so  that  the 
original  undisturbed  material  is  exposed  and  the  limits 
of  the  various  layers  are  plotted  on  the  prepared  profile 
sheet.  This  work  is  supplemented  by  soil-auger  boring 
so  that  a  profile  is  obtained  to  a  depth  of  at  least  3  to 
5  feet  below  the  center-line  grade.  Any  variations  in 
moisture  content  are  specially  noted.  The  depth  will 
varjr  with  the  uniformity  of  the  soil  layers  or  soil 
material.  The  elevations  of  the  limits  of  the  different 
layers  in  the  exposed  back  slopes  are  obtained  by  means 
of  a  hand  level,  the  elevation  of  the  center  line  being 
used  as  a  bench  mark. 
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b.  In  a  separate  notebook  each  layer  is  described  in 
detail  according  to  the  nomenclature  of  the  committee 
on  terminology  (5).  (See  Appendix  A.)  The  relative 
imperviousness  or  porosity  is  also  recorded. 

c.  Examinations  of  the  soil  are  made  every  50  feet  or 
less,  depending  upon  the  uniformity  of  the  profile. 
(See  discussion  of  Figure  11.) 

d.  On  the  plan  of  the  roadway  are  plotted  the  limits  of 
the  various  soil  layers  found  directly  under  the  surfacing 
material.  When  the  roadway  is  cut  through  uniform 
layers  of  soil  material,  the  limits  are  obtained  by  con- 
structing cross-sections  from  the  bank-line  profiles. 
When  the  roadway  is  constructed  of  fill  material  or 
cut  through  a  heterogeneous  soil  material,  the  limits 
are  determined  by  soil-auger  borings  in  the  shoulder. 

7.  A  5-pound  sample  of  soil  from  each  layer  is  obtained 
from  the  exposed  back  slopes  with  a  pick  and  shovel, 
placed  in  a  canvas  bag,  tied  securely,  marked  with 
proper  identification,  and  shipped  to  the  laboratory.  A 
sufficient  number  of  samples  are  taken  to  determine  the 
range  in  test  results  for  what  appears  to  be  the  same 
layer. 

8.  Photographs  are  taken  illustrating  the  condition  of 
the  pavement,  the  shoulders,  the  back  slopes,  the  ditches, 
and  the  appearance  of  the  soil  layers. 

9.  The  data  collected  in  the  manner  described  above 
are  analyzed,  together  with  the  laboratory  test  results, 
and  information  on  the  following  subjects  is  developed: 

a.  The  relation  that  exists  between  the  pavement 
condition,  the  field  characteristics  of  the  soil,  and  the 
physical  properties  of  the  soil  as  determined  in  the 
laboratory. 

b.  The  possible  reasons  for  failure. 

c.  Possible  curative  measures  for  the  case  under 
examination. 

d.  Preventive  measures  which  may  be  applied  in  the 
future. 

A  sample  report  of  a  subgrade  survey  of  a  road  in 
service  is  given  in  Appendix  B  of  this  report  to  illustrate 
the  above  procedure. 

SUBGRADE  SURVEY  TO  OBTAIN  INFORMATION  WITH  RESPECT  TO 
THE  DESIGN  OF  A  NEW  ROAD 

Before  starting  a  subgrade  survey  of  this  kind  the 
engineer  should  make  a  study  of  all  the  existing  informa- 
tion on  the  soil  types  in  that  vicinity.  Wherever  maps 
prepared  by  the  Bureau  of  Soils4  are  available,  they 
should  be  carefully  studied,  and  the  limits  of  the  various 
soil  types  and  their  characteristics  should  be  noted. 
It  must  be  kept  in  mind  that  the  detail  to  which  such 
maps  are  carried  is  not  particularly  adapted  to  a  sub- 
grade  survey.  Nevertheless  they  give  a  clear  idea  of 
the  variations  which  will  be  encountered.  Where  this 
information  is  not  available,  a  reconnaissance  survey 
should  be  made  of  the  soil  materials  on  existing  highways 
which  parallel  the  new  highway,  noting  the  changes  in 
soil  as  shown  in  exposed  cuts.  The  notes  should  in- 
clude a  description  of  each  soil  type  according  to  the 
nomenclature  of  the  committee  on  terminology.  (3) 
The  value  of  the  information  obtained  from  this  rough 
survey  lies  in  the  fact  that  similar  soil  conditions  may  be 
expected  to  accompany  similar  topographic  features. 

After  this  information  has  been  digested  the  survey 
proceeds  in  the  following  manner : 

1.  The  profile  of  the  ground  line  and  the  proposed 
grade  line  are  constructed  on  the  same  type  of  sheet  as 

'  The  former  Bureau  of  Soils  is  now  a  part  of  the  Bureau  of  Chemistry  and  Soils. 


was  specified  for  subgrade  surveys  of  existing  pave- 
ments. 

2.  Borings  are  made  with  a  soil  auger  at  frequent 
intervals  and  each  soil  type  is  classified  into  layers,  as 
described  under  the  heading  "Determination  of  the 
Soil  Profile"  (p.  184). 

a.  Spacing  of  borings. — The  spacing  of  the  borings 
will  vary  with  the  uniformity  of  the  profile  and  the 
topography.  A  convenient  interval,  such  as  the  even 
stations,  may  be  assumed  at  the  beginning.  This 
interval  may  be  varied  under  the  following  conditions: 
(1)  If  the  profile  is  uniform,  the  interval  may  be  in- 
creased. (2)  When  the  character  of  the  profile  changes, 
intermediate  borings  should  be  made  until  it  is 
clear  that  all  variations  have  been  mapped.  (3) 
Where  topography  is  rolling  and  grade  changes  rapidly 
from  cut  to  fill,  borings  are  necessary  only  in  the  cuts. 
(4)  Where  the  original  ground  line  or  old  road  grade  is 
to  be  covered  with  fill  material,  no  examination  is 
necessary  except  to  determine  the  character  of  the 
support.  If  the  fill  material  is  to  be  obtained  from 
borrow  ditches  along  the  road,  the  soil  should  be  exam- 
ined to  the  entire  depth  of  the  borrow. 


-NOTCH    l/2"DEEP   3/8"wiDE  1/2"  STANDARD    PIPE 

-AUGER    l-l/2"DIAMETER  GROOVE   EVERY   6" 


-3-0"  EXTENSION- 


il 


Figure  12. — Soil  Auger  and  Extension 

b.  Depth  of  borings. — The  borings  should  generally 
be  carried  to  a  depth  of  at  least  3  feet  below  the  grade 
line.  The  depth  may  vary  in  accordance  with  the  fol- 
lowing stipulations:  (1)  When  the  road  lies  within  the 
uniform  layers  of  the  soil  profile,  the  boring  should 
extend  down  to  the  first  layer  below  the  ditch  line 
which  would  block  percolation,  or  through  a  pervious 
layer  which  would  carry  water.  (2)  When  fill  material 
is  to  be  borrowed  from  ditches  alongside  the  road,  the 
boring  should  extend  at  least  to  the  estimated  depth  of 
borrow.  (3)  In  the  study  of  frost  action  the  borings 
should  extend  to  the  mean  depth  of  frost  in  those  soil 
materials  showing  a  high  affinity  for  frost  accumulation 
(see  p.  183)  and  in  localities  where  high  water  tables 
prevail. 

c.  When  the  located  line  is  over  an  old  road,  the  soils 
are  mapped  by  examining  the  exposed  cuts.  This  work 
is  supplemented  by  borings. 

3.  A  notation  is  made  of  the  direction  of  surface 
drainage  with  respect  to  the  proposed  roadway. 

4.  The  data  obtained  from  the  borings  is  plotted  on 
the  prepared  profile  sheet.  On  this  sheet  are  indicated 
the  limits  of  the  several  types  and  layers,  the  relative 
moisture  content  at  various  depths,  and  the  location  of 
culverts  and  drains. 

5.  In  a  separate  notebook  the  field  characteristics  of 
each  layer  are  described  according  to  the  nomenclature 
prepared  by  the  committee  on  terminology.  The 
relative  imperviousness  or  porosity  of  each  layer  is 
indicated. 

6.  From  each  layer  and  type  encountered  at  least  a 
2-pound  sample  of  soil  is  taken  for  laboratory  classifica- 
tion. A  sufficient  number  of  samples  should  be  ob- 
tained to  determine  the  range  in  test  results  for  what 
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appears  to  be  the  same  layer.  These  samples  are  placed 
in  canvas  bags,  tied  securely,  marked  with  station 
number  and  layer,  and  shipped  to  the  laboratory.  The 
boring  of  more  than  one  hole  may  be  necessary  to 
obtain    the  required  sample. 

7.  Recommendations  regarding  the  design  of  the 
road  surface  are  made  on  the  basis  of  the  known  behav- 
ior of  pavements  for  which  the  conditions  of  soil,  cli- 
mate and  topography  are  similar. 

8.  After  the  road  is  graded,  a  final  check  is  made  on 
the  soil  as  exposed  by  grading  operations. 

The  final  form  of  a  subgrade  survey  sheet  submitted 
to  the  engineer  in  charge  of  design  is  included  in 
Appendix  B  of  this  report. 
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APPENDIX  A 

TERMS  IDENTIFYING  SOILS  IN  THE  PROFILE 

The  following  terms  '  are  among  those  used  in  describing  the 
various  layers  of  the  soil  profile.  They  definitely  identify  the 
field  characteristics  of  the  soil  material  as  found  in  its  natural 
state.  In  the  compilation  of  these  terms  the  report  of  the  com- 
mittee on  terminology  of  the  American  Soil  Survey  Association 
was  largely  used. 

1  The  terms  describing  structure,  consistency,  compactness,  cementation,  and 
chemical  composition  have  not  yet  been  standardized,  nor  have  they  been  adopted 
by  the.  division  of  soil  survey,  Bureau  of  Chemistry  and  Soils.  They  may  be  con- 
sidered tentative  and  approximate.    More  accurate  definitions  are  not  yet  available. 


TEXTURE 

Texture  is  a  term  indicating  the  size  of  the  individual  soil 
grains  or  particles  and  the  proportions  of  material  of  each  size 
present  in  any  given  case. 

As  the  soil  is  usually  made  up  of  particles  of  widely  varying 
size,  the  textural  terms  express  the  average  effect  or  the  combined 
effect  of  all  these  grain  sizes.  They  may  indicate  the  predomi- 
nance (in  quantity  or  in  textural  effect)  of  a  certain  group  of 
grains. 

Texture  is  determined  by  mechanical  analysis,  a  laboratory 
process  of  separating  the  soil  into  groups  of  grain  sizes.     The 
system  of  mechanical  analysis  used  by  the  Bureau  of  Chemistry 
and  Soils  separates  the  soil  material  into  seven  grain  sizes  or 
"separates"  having  the  following  sizes  and  names: 
2  to  1  millimeter,  fine  gravel. 
1  to  0.5  millimeter,  coarse  sand. 
0.5  to  0.25  millimeter,  sand. 
0.25  to  0.10  millimeter,  fine  sand. 
0.10  to  0.05  millimeter,  very  fine  sand. 
0.05  to  0.005  millimeter,  silt. 
Below  0.005  millimeter,  clay. 

In  the  following  paragraphs  are  given  the  proportions  of  certain 
of  the  grain  sizes  found  in  the  major  soil  textures: 

Sands  contain  less  than  20  per  cent  of  silt  and  clay.  (Include 
coarse,  fine,  and  very  fine  sands.) 

Sandy  loams  contain  from  20  per  cent  to  50  per  cent  of  silt  and 
clay  but  do  not  have  over  15  per  cent  of  clay.  (Include  coarse, 
fine,  and  very  fine  sandy  loams.) 

Loams  have  more  than  50  per  cent  of  silt  and  clay  combined 
but  have  less  than  50  per  cent  of  silt  and  less  than  20  per  cent  of 
clay. 

Silt  loams  have  more  than  50  per  cent  of  silt  and  less  than  20 
per  cent  of  clay. 

_  Clay  loams  have  more  than  50  per  cent  of  silt  and  clay  com- 
bined but  less  than  50  per  cent  of  silt  and  between  20  per  cent 
and  30  per  cent  of  clay.  (Include  sandy  clay  loams,  clay 
loams,  and  silty  clay  loams.) 

Clays  have  more  than  50  per  cent  of  silt  and  clay  combined 
and  more  than  30  per  cent  of  clay.  (Include  sandy  clays  and 
silty  clays.) 

In  the  field  texture  is  determined  by  the  feel  of  the  soil  mass 
when  rubbed  between  the  fingers.  The  following  statements  give 
the  obvious  physical  characteristics  of  the  basic  textural  groups: 

Sand. — Sand  is  loose  and  granular.  The  individual  grains  can 
readily  be  seen  or  felt.  Squeezed  in  the  hand  when  dry  it  will 
fall  apart  when  the  pressure  is  released.  Squeezed  when  moist, 
it  will  form  a  cast,  but  will  crumble  when  touched. 

Sandy  loam. — A  sandy  loam  is  a  soil  containing  much  sand 
but  having  enough  silt  and  clay  to  make  it  somewhat  coherent. 
The  individual  sand  grains  can  readily  be  seen  and  felt.  Squeezed 
when  dry,  it  will  form  a  cast  which  will  readily  fall  apart,  but  if 
squeezed  when  moist  a  cast  can  be  formed  that  will  bear  careful 
handling  without  breaking. 

Sands  and  sandy  loams  are  classed  as  coarse,  medium,  fine, 
or  very  fine,  depending  on  the  proportion  of  the  different  sized 
particles  that  are  present. 

Loam. — A  loam  is  a  soil  having  a  relatively  even  mixture  of 
the  different  grades  of  sand  and  of  silt  and  clay.  It  is  mellow 
with  a  somewhat  gritty  feel,  yet  fairly  smooth  and  slightly 
plastic.  Squeezed  when  dry,  it  will  form  a  cast  that  will  bear 
careful  handling,  while  the  cast  formed  by  squeezing  the  moist 
soil  can  be  handled  freely  without  breaking. 

Silt  loam. — A  silt  loam  is  a  soil  having  a  moderate  amount  of 
the  fine  grades  of  sand  and  only  a  small  amount  of  clay,  over 
half  of  the  particles  being  of  the  size  called  "silt."  When  dry 
it  may  appear  quite  cloddy,  but  the  lumps  can  be  readily  broken, 
and  when  pulverized  it  feels  soft  and  floury.  When  wet  the  soil 
readily  runs  together  and  puddles.  Either  dry  or  moist  it  will 
form  casts  that  can  be  freely  handled  without  breaking.  If 
squeezed  between  thumb  and  finger  it  will  not  "ribbon"  but  will 
give  a  broken  appearance. 

Clay  loam. — A  clay  loam  is  a  fine-textured  soil  which  breaks 
into  clods  or  lumps  that  are  hard  when  dry.  When  the  moist 
soil  is  pinched  between  the  thumb  and  finger  it  will  form  a  thin 
ribbon  which  will  break  readily,  barely  sustaining  its  own  weight. 
The  moist  soil  is  plastic  and  will  form  a  cast  that  will  bear  much 
handling.  When  kneaded  in  the  hand  it  does  not  crumble 
readily  but  tends  to  work  into  a  heavy  compact  mass. 

Clay.' — A  clay  is  a  fine-textured  soil  that  forms  very  hard 
lumps  or  clods  when  dry.  When  the  moist  soil  is  pinched  out 
between  the  thumb  and  fingers  it  will  form  a  long,  flexible 
ribbon. 

Gravelly  or  stony  soils. — All  of  the  above  classes  of  soils,  if 
mixed  with  a  considerable  amount  of  gravel  or  stone,  may  be 
classed  as  gravelly  sandy  loams,  gravelly  clays,  etc.,  as  stony 
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sandy  loams,  stony  loams,  etc.,  or  as  sandy  clay  loams,  sandy 
clays,  etc. 

Floury. — Fine-textured  soil  consisting  predominantly  of  silt 
(or  flocculated  clay  with  aggregates  of  silt  size)  which  when 
dry  is  incoherent,  smooth,  and  dust-like. 

Gritty. — Containing  a  sufficient  amount  of  angular  grains  of 
coarse  sand  or  fine  gravel,  so  that  these  dominate  the  "feel." 
Usually  applicfl  to  medium-textured  soils  (loams)  where  the 
actual  quantity  of  these  coarse  grains  is  rather  small. 

Heavy  {textured). — Applied  to  soils  of  fine  texture  in  which 
clay  predominates,  with  dense  structure  and  firm  to  compact 
consistency.  The  term  is  also  applied  to  soils  containing  a 
somewhat  higher  proportion  of  the  finer  separates  than  is  typical 
of  that  textural  class  (as  a  "heavy  sandy  loam"). 

Light  {textured). — Applied  to  soils  of  coarse  to  medium  texture 
with  very  low  silt  and  clay  content,  incoherent,  single-grained 
structure,  and  loose  consistency.  The  term  is  also  applied  to 
soils  containing  somewhat  higher  proportions  of  the  coarser 
separates  than  is  typical  of  that  textural  class  (as  a  "light  loam  ") . 

Sharp. — Containing  angular  particles  in  sufficient  amount  to 
dominate  the  "feel."     Abrasive. 

Smooth. — Containing  well-rounded  coarser  particles  and  a  pre- 
dominance of  the  finer  separates.     Not  abrasive. 

COLOR 

In  order  to  recognize  the  same  soil  in  some  other  locality,  the 
color  should  be  clearly  stated.  This  statement  should  give  the 
range  of  color  included,  for  classification  purposes.  By  range 
(if  color  is  meant  such  terms  as  black  or  dark  brown,  brown  to 
reddish  brown,  etc.  The  color  may  indicate  the  drainage  con- 
ditions under  which  the  soil  was  formed  and  the  chemical  com- 
position of  the  soil. 

In  using  such  terms  as  grayish  brown,  brownish  gray,  etc.,  the 
adjective  is  recognized  as  a  modifying  term.  The  grayish  brown 
soil  is  a  brown  soil  with  a  grayish  cast  sufficiently  noticeable  to 
require  recognition;  the  brownish  gray  soil  is  a  gray  soil  with  a 
brown  cast. 

Other  color  terms  are  as  follows: 

Mottled. — The  presence  of  spots,  streaks,  or  splotches  of  one 
or  more  colors  in  a  soil  mass  of  another  predominant  color.  In 
mottled  soils  the  colors  are  not  mixed  and  blended,  but  each  is 
more  or  less  distinct  in  the  general  ground  color.  In  color 
descriptions  the  ground  color  and  the  color  of  the  included  spots 
should  be  designated.  Mottling  is  usually  but  not  necessarily 
associated  with  poor  drainage.  The  use  of  the  term  should  not 
be  confined  to  poorly  drained  soils  but  should  be  applied  wher- 
ever the  term  fits. 

Marbled. — The  presence  of  two  or  more  distinct  colors  in 
approximately  equal  amounts  not  blended  but  more  or  less 
mixed  in  occurrence  in  the  soil  mass.  In  a  marbled  soil  there  is 
no  general  or  predominant  color,  as  in  the  case  of  a  mottled  soil. 

Spotted,  speckled,  streaked,  variegated. — Such  terms  can  be 
used  when  their  generally  accepted  meaning  describes  the  color 
distributions  that  occur  in  the  soils. 

STRUCTURE 

The  term  "soil  structure"  expresses  the  arrangement  of  the 
individual  grains  and  aggregates  that  make  up  the  soil  mass. 
The  structure  may  refer  to  the  natural  arrangement  of  the  soil 
when  in  place  and  undisturbed  (as  structural  profile)  or  to  the 
soil  at  any  degree  of  disturbance.  The  terms  used  indicate  the 
character  of  the  arrangement,  the  general  shape  and  the  size  of 
the  aggregates,  and  in  some  cases  may  indicate  the  consistency 
of  those  aggregates. 

Adobe  structure. — This  term  describes  a  soil  which  on  drying 
cracks  and  breaks  into  irregular  but  roughly  cubical  blocks. 
The  cracks  are  usually  wide  and  deep  and  the  blocks  are  from 
20  to  50  or  more  centimeters  across.  (Adobe  soils  are  usually 
heavy-textured  and  high  in  content  of  colloidal  clay.) 

Amorphous  structure.' — A  soil  of  fine  texture  having  a  massive 
or  uniform  arrangement  of  particles  throughout  the  horizon. 
Structureless.  Found  only  in  soils  of  finest  texture,  where 
individual  grains  can  not  be  recognized. 

Clod  {or  cloddy)  structure. — Aggregates  of  irregular,  angular 
shape,  usually  4  centimeters  or  more  in  diameter  and  of  a  hard 
consistency. 

Fine  cloddy  structure. — When  most  of  the  clods  are  close  to 
the  minimum  size. 

Coarse  cloddy  structure. — When  most  of  the  clods  are  10  centi- 
meters or  more  in  diameter. 

Columnar  structure. — A  natural  arrangement  of  the  soil  mass 
in  more  or  less  regular  columns  separated  by  vertical  cleavage 
lines,  and  usually  broken  by  horizontal  cracks  into  sections  with 
longer  vertical  than  horizontal  axes,  the  tops  of  the  columns 
being  rounded. 


Prismatic  columnar  structure. — Term  used  when  (he  sections 
are  very  regular  in  size,  straight-sided,  with  the  vertical  axes 
much  longer  than  the  horizontal  axes  and  the  tops  of  the 
columns  flat. 

Crumb  structure. — Porous  aggregates  of  irregular  shape,  rarely 
over  2  centimeters  in  diameter  and  of  a  medium  to  soft  con- 
sistency. 

Fine  crumb  structure.     Crumbs  5  millimeters  or  less  in  diameter. 

i  'oars(  crumb  structure.-  Crumbs  2  centimeters  or  more  in 
diameter. 

Crust  {or  crusted)  slruclure.^This  term  is  used  where  the  upper 
or  surface  horizon  coheres  into  plate  c  crust  distinct  from  I  he 
horizon  immediately  below  it. 

Crust-mulch  structure. — An  arrangement  where  a  surface  crust 
is  underlain  by  a  horizon  of  loose,  incoherent  particles  of  mealy, 
crumb,  or  granular  structure.  , 

Fluffy  structure. — A  surface  condition  where  the  aggregates  are 
loose,  of  light  weight  and  fine  texture,  with  no  cohesion  or  evi- 
dence of  arrangement;  floury. 

Dense  structure. — Having  a  minimum  of  pore  space  and  an 
absence  of  any  large  pores  or  cracks.      Approaching  amorphous. 

Granular  structure. — Aggregates  varying  in  size  to  2  centi- 
meters in  diameter,  of  medium  consistency,  and  more  or  less 
subangular  or  rounded  in  shape. 

Fine  granular  structure.-  Aggregates  under  5  millimeters 
diameter. 

Coarse  granular  structure. — Aggregates  close  to  maximum  size. 

Honeycomb  structure. — A  natural  arrangement  of  the  soil  mass 
in  more  or  less  regular  five  or  six  sided  sections  separated  by 
narrow  or  hairline  cracks.  Usually  found  as  a  surface  structure 
or  arrangement. 

Ifardpan. — An  horizon  of  accumulation  that  has  been  thor- 
oughly cemented  to  an  indurated,  rock-like  layer  that  will  not 
soften  when  wet.  The  term  hardpan  is  not  properly  applied  to 
hard  clay  layers  that  are  not  cemented,  nor  to  those  layers  that 
may  seem  indurated  when  dry  but  which  soften  and  lose  their 
rock-like  character  when  soaked  in  water.  The  true  hardpan  is 
cemented  by  materials  that  are  not  readily  soluble,  and  is  a  hard 
layer  that  definitely  and  permanently  (in  nature)  limits  down- 
ward movement  of  roots  and  water. 

Clay  pan. — An  horizon  of  accumulation  or  a.  stratum  of  stiff, 
compact,  and  relatively  impervious  clay.  The  clay  pan  is  not 
cemented,  and  if  immersed  in  water  can  lie  worked  to  a  soft  mass. 
Its  presence  may  interfere  with  water  movement  or  root  develop- 
ment the  same  as  a  true  hardpan.  It  is  more  difficult  to  over- 
come, for,  whereas  a  hardpan  can  be  shattered  by  explosives,  the 
clay  pan,  after  breaking  by  any  means,  will  run  together  and 
re-form  as  soon  as  thoroughly  wetted.  The  distinction  between 
hardpan  and  clay  pan  is  an  important  one  in  the  soil  classification. 

Laminated  structure. — An  arrangement  of  the  soil  mass  in  very 
thin  plates  or  layers,  less  than  1  millimeter  in  thickness,  lying 
horizontal  or  parallel  to  the  soil  surface.  Usually  medium  to 
soft  consistency. 

Massive  structure. — A  soil  mass  showing  no  evidence  of  any 
distinct  arrangement  of  the  soil  particles.  Structureless.  May 
be  found  in  soils  of  any  structure. 

Mealy  structure. — A  crumb-like  structure  in  which  the  aggre- 
gates are  of  soft  to  very  soft  consistency  and  usually  less  than  5 
millimeters  in  diameter. 

ATut  structure. — Compact  aggregates,  more  or  less  rounded  in 
shape,  of  hard  to  medium  consistency,  and  from  one-half  to  4 
centimeters  in  diameter. 

Fine  nut  structure. — Aggregates  below  1  centimeter  in  diam- 
eter. 

Coarse  nut  structure. — Aggregates  over  3  centimeters  in  diam- 
eter. 

Plate  {or  platy)  structure. — An  arrangement  of  the  soil  mass  in 
plates  or  layers  1  to  5  millimeters  or  more  in  thickness,  lying 
horizontal  or  parallel  to  the  soil  surface.  Usually  medium  to 
hard  consistency. 

Single-grained  structure.  —An  incoherent  condition  of  the  soil 
mass  with  no  arrangement  of  the  individual  particles  into  aggre- 
gates.    Structureless.     Usually  found  in  soils  of  coarse  texture. 

Structureless. — Without  any  discernible  structure  or  arrange- 
ment of  the  soil  particles  into  aggregates.  This  condition  is 
better  expressed  by  the  terms  single-grained,  massive,  amor- 
phous, etc. 

Vesicular  structure. — A  soil  horizon  or  soil  aggregate  containing 
many  small  rounded  cavities  smooth  on  the  inside  as  though 
formed  by  gas  bubbles. 

CONSISTENCY 

"Soil  consistency"  is  a  term  expressing  the  degree  of  cohesion 
of  the  soil  particles  and  the  resistance  otfered  to  forces  tending 
to  deform  or  rupture  the  aggregates.     Consistency  and  structure 
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are  closely  related  and  frequently  interdependent.  The  terms 
expressing  consistency  and  structure  are  distinct,  however,  and 
need  not  be  confused  or  used  with  double  meaning.  A  study  of 
published  reports  shows  a  general  use  of  terms  expressing  both 
the  consistency  and  the  structure  in  nearly  all  soil  descriptions. 

Brittle. — A  soil  which  when  dry  will  break  with  a  sharp,  clean 
fracture.  If  struck  a  sharp  blow,  it  will  shatter  into  cleanly 
broken  hard  fragments. 

Mellow.— Soil  particles  or  aggregates  are  weakly  adhered  in  a 
rather  porous  mass,  readily  yielding  to  forces  causing  rupture. 
A  consistency  softer  than  friable.     Without  tendency  to  pack. 

Plastic. — Readily  deformed  without  rupture.  Pliable  but 
cohesive.  Can  be  readily  molded.  Puttylike.  This  term 
applies  to  those  soils  in  which  at  certain  stages  of  moisture  the 
grains  will  readily  slip  over  each  other  without  the  mass  cracking 
or  breaking  apart. 

Soft. — Yielding  readily  to  any  force  causing  rupture  or  defor- 
mation.    Aggregates  readily  crushed  between  fingers. 

Sticky. — Applied  to  soils  showing  a  decided  tendency  when 
wet  to  adhere  to  other  materials  and  foreign  objects. 

Firm. — Resistant  to  forces  tending  to  produce  rupture  or 
deformation.  Moderately  hard.  Aggregates  can  be  broken 
between  fingers. 

,  Friable. — Aggregates  readily  ruptured  and  crushed  with 
application  of  moderate  force.  Easily  pulverized  or  reduced  to 
crumb  or  granular  structure. 

Hard. — Resistant  to  forces  tending  to  cause  rupture  or  defor- 
mation. Difficult  or  impossible  to  crush  aggregates  with  fingers 
only. 

Tenacious. — Soils  showing  a  decided  resistance  to  rupture. 
Soil  mass  adheres  firmly. 

The  terms  "sticky"  and  "tenacious"  are  often  used  as  syno- 
nyms, but  in  soil  usage  the  former  is  taken  to  refer  to  adhesion, 
the  latter  to  cohesion.  Both  terms  may  be  applicable  to  a  soil 
at  the  same  time. 

Stiff. — Resistant  to  rupture  or  deformation.  A  soil  stratum 
or  horizon  that  is  firm  and  tenacious,  and  tending  toward  imper- 
viousness.  Usually  applied  to  condition  of  the  soil  in  place  and 
when  moderately  wet. 

Tight. — A  stratum  or  horizon  that  is  compact,  impervious  and 
tenacious,  and  usually  plastic. 

Tough. — Resistant  to  rupture.  Tenacious.  A  stratum  or 
horizon  that  can  be  readily  bored  into  with  the  auger  but  which 
requires  much  force  in  breaking  loose  and  pulling  out  the  core 
of  soil. 


COMPACTNESS 


to 


Compactness  is  the  degree  of  resistance  offered  by  a  soil 
the  penetration  of  a  pointed  instrument. 

Impervious. — Highly  resistant  to  penetration  by  water  and 
usually  resistant  to  penetration  by  air  and  plant  roots.  Impene- 
trable. In  field  practice  the  term  is  applied  to  strata  or  horizons 
that  are  very  slowly  penetrated  by  water  and  that  retard  or  re- 
strict root  penetration. 

Indurated. —  (See  under  cementation). 

Loose. — Soil  particles  or  small  aggregates  are  independent  of 
each  other  or  cohere  very  weakly  with  a  maximum  of  pore  space 
and  a  minimum  resistance  to  forces  tending  to  cause  rupture. 

Cheesy. — Having  a  more  or  less  elastic  character,  deforming 
considerably  without  rupture,  yet  broken  without  difficulty  or 
the  application  of  much  force.  (Characteristic  of  certain  highly 
colloidal  soils  when  thoroughly  wet.) 

Compact. — The  soil  packed  together  in  a  dense,  firm  mass, 
but  without  any  cementation.  Noticeably  resistant  to  forces 
tending  to  cause  rupture  or  deformation.     Coherent.     Hard. 

Relative  degree  of  compactness  may  be  expressed  by  terms  as 
slightly  compact,  very  compact,  etc. 

CEMENTATION 

Cementation. — A  condition  occurring  when  the  soil  grains  or 
aggregates  are  caused  to  adhere  firmly  and  are  bound  together 
by  some  material  that  acts  as  a  cementing  agent  (as  colloidal 
clay,  iron  or  aluminum  hydrates,  lime  carbonate,  etc.). 

The  degree  of  cementation  or  the  persistence  of  the  cementa- 
tion when  the  soil  is  wetted  should  be  stated.  Some  terms  indi- 
cate the  permanence,  as  "indurated,"  "hardpan,"  etc. 

Firmly  cemented. — Cementing  material  of  considerable  strength 
requiring  considerable  force  to  rupture  the  mass.  Usually 
breaks,  with  clean  though  irregular  fractures,  into  hard  frag- 
ments. 

Indurated. — Cemented  into  a  very  hard  mass  which  will  not 
soften  or  lose  its  firmness  when  wet,  and  which  requires  much 
force  to  cause  breakage.     Rock-like. 


Weakly  cemented. — Term  applied  when  cementing  material  is 
not  strong,  and  the  aggregates  can  be  readily  broken  into  frag- 
ments with  a  more  or  less  clean  fracture. 

Softly  cemented. — Term  applied  when  cementing  material  is 
not  strong  nor  evenly  diffused  throughout  the  mass.  Aggre- 
gates are  readily  crushed,  but  do  not  break  with  a  clean  fracture. 

CHEMICAL  COMPOSITION 

Peat  soil. — Composed  predominantly  of  organic  material, 
highly  fibrous,  with  easily  recognized  plant  remains. 

Muck  soil. — Composed  of  thoroughly  decomposed  black 
organic  material,  with  a  considerable  amount  of  mineral  soil 
material,  finely  divided  and  with  a  few  fibrous  remains. 

Leaf  mold. — The  accumulation  on  the  soil  surface  of  more  or 
less  decomposed  organic  remains,  usually  the  leaves  of  trees 
and  remains  of  herbaceous  plants.     The  A  horizon. 

Alkaline  soil. — A  soil  containing  an  excessive  amount  of  the 
alkaline  (in  true  chemical  sense)  salts. 

Saline  soil. — -A  soil  containing  excessive  amounts  of  the  neu- 
tral or  non-alkaline  salts. 

Calcareous  soil. — A  soil  containing  sufficient  calcium  carbonate 
to  effervesce  when  tested  with  weak  (N/10)  hydrochloric  acid. 
Depending  on  the  amounts  present,  these  soils  may  be  desig- 
nated as  slightly  calcareous,  strongly  calcareous,  etc. 

Acid  soil. — A  soil  which  is  deficient  in  available  bases,  parti- 
cularly calcium,  and  which  gives  an  acid  reaction  when  tested  by 
standard  methods.  Field  tests  are  made  by  the  use  of  litmus, 
of  Soiltex,  and  of  other  indicators.  There  is  no  full  agreement 
nn  the  most  satisfactory  test  for  acidity  or  as  to  the  actual 
character  of  an  acid  soil.  The  intensity  or  degree  of  acidity 
may  be  expressed  by  qualifying  words,  "strongly,"  "moder- 
ately," etc. 

APPENDIX  B 

SAMPLE  REPORT  OF  A  SUBGRADE  SURVEY  OF  A  ROAD  IN  SERVICE 

ROAD  DESCRIPTION 

Designation. — United  States  Highway  No.  51,  Federal  aid 
project  82-A,  situated  two  miles  south  of  Jackson,  Hinds  County, 
Miss. 

Dale  constructed. — 1927. 

Width. — Roadway,  26  feet;  pavement,  18  feet. 

Pavement  thickness. — Seven  inches  at  the  edges  and  6  inches  at 
the  center,  stations  97  +  00  to  108  +  88;  9  inches  at  the  edges  and 
6  inches  at  the  center,  stations  108  +  88  to  112  +  50. 

Joints. — One-half  inch  transverse  expansion  joints  spaced 
about  30  feet  apart,  stations  97  +  00  to  108  +  88;  tongue-and- 
groove  longitudinal  center  joint  with  metal  center  strip  and  \'i- 
inch  transverse  expansion  joints  spaced  about  50  feet  apart, 
stations   108  +  88  to   112  +  50. 

Reinforcement. — Welded  fabric  placed  2  inches  from  the  top  of 
the  slab. 

Concrete  design. — One  part  Portland  cement,  2  parts  local  sand, 
and  3  parts  local  gravel. 

Curing. — Two  per  cent  calcium  chloride  admixture. 

Compressive  strength  of  concrete. — Average  of  sixteen  6  by  12 
inch  cylinders  tested  at  the  end  of  28  days  equaled  3,230  pounds 
per  square  inch. 

Drainage. — Eight-inch  bell-and-spigot  concrete  drain  placed 
in  west  ditch  at  a  depth  of  3  feet  below  subgrade  elevation. 
Trench  is  back  filled  with  washed  gravel  as  shown  in  Figure  1. 

Reasons  for  survey. — (a)  To  determine  if  the  detrimental  dis- 
tortion suffered  by  an  appreciable  number  of  the  pavement 
slabs  comprising  this  project  was  related  to  the  subgrade,  and 
(6)  to  determine  what  precautions  might  be  taken  to  prevent  this 
type  of  failure  from  occurring  in  pavements  laid  on  similar 
subgrades  in  the  future. 

Cooperating  agencies. — The  Mississippi  State  Highway  De- 
partment and  the  Portland  Cement  Association. 

DATA  FURNISHED  BY  THE  SURVEY 

The  soil  profile. — The  profile  consists  of  five  layers  designated 
as  layer  1,  layer  3,  layer  5,  layer  6,  and  layer  7,  shown  in  Figure  1. 

Layer  1,  averaging  about  18  inches  in  thickness,  consists  of  a 
light  brown  to  reddish  or  grayish  brown  mellow  silt  loam  of  fine 
crumb  structure  containing  both  black  and  brown  iron  con- 
cretions. The  grayish  brown  color  becomes  rather  pronounced 
in  the  lower  10  inches  of  layer  1  where  it  grades  into  layer  3. 

Layer  1  soil  is  friable  when  dry,  has  a  pasty  consistency  when 
wet,  and  according  to  Table  2,  it  has  characteristics  similar  to 
those  of  the  plastic  varieties  of  the  group  A-4  subgrades. 
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Layer  3  grades  from  layer  1  into  a  brown  and  gray  mottled 
silty  clay  loam  or  silty  clay  of  moderately  compact  structure. 
The  upper  10  inches  of  layer  3  is  a  transition  from  layer  1,  but  is 
much  more  dense  and  compact.  This  compactness  increases 
with  increasing  depth  until  at  about  5}4  feet  layer  3  has  a  higher 
moisture  content  and  grades  into  the  angular-structured  layer  5. 

The  soil  of  layer  3  is  friable  when  dry  and  very  plastic  when 
wet  and  is  permeable  regardless  of  its  compactness.  Bank 
erosion,  shown  in  Figure  2,  causes  the  soil  of  layer  3  to  be  fissured 
and  to  assume  the  form  of  pinnacles  upon  drying.  According  to 
Table  2,  layer  3  consists  of  a  more  plastic  variety  of  the  Group 
A-4  subgrade  than  layer  1. 

Layer  3,  like  layer  1,  contains  dark-brown  ami  black  concre- 
tions in  large  amounts. 


Figure  2. — Erosion  of  Back  Slopes  is  Very  Irregular 
andThehe  is  Considerable  Sloughing  of  Material 
into  Ditches 


Table  1.      Mechanical  analyses  of  soils  found  in  soil  profile 


Identifica- 

Layer 

Percentage  of  particles  having  diameters  smaller  than  — 

tion  No. 

2  mm. 

0.5  mm. 

0.25  mm. 

0.05  mm. 

0.005  mm. 

0.001  mm. 

1 

1 
3 

5 

6 

7 

5 

2  5,  6,  7 

-'  5,  6,  7 

2  5,  6,  7 

100 

11)0 
98 
UK) 
100 
100 
10(1 
100 
100 

98 
97 
92 
100 
100 
100 
100 
98 
98 

97 
95 
89 
99 
97 
99 
99 
97 
97 

Sfi 
93 
89 
81 
93 
98 
92 
91 
90 

23 

27 
36 
43 
72 
74 

(') 

0) 

(') 

12 

2. 

3 

15 
16 

4 

17 

5 

47 

7 

(') 

8. 

9 

10 

1  Flocculated. 


Fill. 


Table  2. — Physical   characteristics  of  particles  passing  the    0.5 
millimeter  sieve 


Identification 

Layer 

Liquid 
limit 

Plastic 
index 

Shrinkage 

Moisture 
equivalent 

Group 

No. 

Limit 

Per 

cent 
20 
22 
12 
12 
11 
12 
12 
13 
12 

Ratio 

Centri- 
fuge 

Field 

1 

1 
3 

5 

6 

7 

5 

2  5,  6,  7 

2  5,  6,  7 

2  5,  6,  7 

Per 
cent 
39 

45 
50 
85 
112 
98 
102 
104 
76 

Per 

cent 
17 
22 
33 
51 
77 
64 
67 
72 
44 

1.8 
1.  7 
2.0 
2.0 
2.0 
2.0 
1.9 
2.0 
1.9 

Per 

cent 

31 

37 

i  50 

1  9S 

1  125 
'98 

'  101 
192 
'  95 

Per 
cent 
31 
35 
34 
52 
71 
59 
70 
60 
59 

A-4 

2 

A-4 

3 

4 

A-6 

A-7 

5 

A-7 

A-7 

8 

A-7 

9 

A-7 

10 

A-7 

Layer  5  consists  of  brown  and  gray  mottled  heavy,  plastic, 
sticky  clay,  with  well-defined  particles  of  angular  structure 
about  one-eighth  inch  in  diameter  or  larger,  which  have  a  wet, 
shiny,  and  slick  surface.  This  layer  is  very  much  wetter  than 
overlying  zones,  is  open-structured,  and  permits  the  movement 
of  water.  In  some  portions  of  layer  5  bright  red  mottlings  are 
found.  According  to  Table  2,  the  soil  of  this  layer  has  char- 
acteristics common  to  the  highly  plastic  varieties  of  the  Group 
A-6  subgrades  (sample  3),  but  when  calcium  compounds  are 
present  in  appreciable  amounts  (sample  7) ,  it  exhibits  character- 
istics similar  to  those  of  the  Group  A-7  subgrades. 

Layer  6  grades  from  layer  5,  at  a  depth  of  about  9  feet  below 
the  ground  surface,  into  a  very  sticky  plastic  clay,  bluish  gray 
in  color,  mottled  with  brown.  As  shown  in  Figure  3  it  exists  in 
the  face  of  cuts  as  slick  and  shiny  angular  particles  or  clods, 
Yi  inch  to  2  inches  in  the  longest  dimension.  These  clods,  the 
larger  of  which  are  dense  and  have  a  fibrous  structure,  are  similar 
to  putty  in  consistency  and  are  easily  crushed.  Water  moves 
through  this  layer  at  a  rate  much  slower  than  it  moves  through 
layer  5.  The  characteristics  of  the  soil  of  this  layer  are  similar 
to  those  of  the  Group  A-7  subgrades. 

Layer  7,  at  a  depth  of  about  10  or  11  feet  below  the  ground 
surface,  grades  gradually  from  layer  6  into  a  bluish  gray,  sticky, 
plastic  and  very  dense  indurated  clay  containing  both  black  and 
brown  stains,  in  cut  faces  this  material,  similar  to  that  of  layer 
6,  exists  as  clods  or  chunks,  fibrous  in  structure  and  easily  crushed. 
The  soil  of  layer  7  is  impervious,  holds  absorbed  water  tenaciously, 
shrinks  in  appreciable  amount  when  dried,  slakes  readily  in  the 
presence  of  water  and  exhibits  characteristics  generally  indica- 
tive of  the  Group  A-7  subgrades. 


Water-logged. 


2  Fill. 


Figure  3. — Right  Bank  at  Station  105  +  16  Showing 
Structure  of  Layer  6  Material,  and  Sloughed  Mate- 
rial on  Surface 

The  soils  of  layers  5,  6,  and  7  effervesce  strongly  when  treated 
with  dilute  hydrochloric  acid,  thus  indicating  the  presence  of  lime 
in  appreciable  amount. 

Condition  of  shoulders  and  banks. — The  shoulders  are  very  soft 
and  badly  rutted  as  shown  in  Figure  4,  at  those  locations  where 
the  road  traverses  tne  clays  of  layers  5,  6,  and  7.  In  the  same 
locations  the  back  slopes  are  badly  eroded  (see  Figure  2)  and  after 
rains  are  apt  to  slide  and  clog  the  side  ditches. 

Condition  of  pavement.- — Typical  pavement  condition  with 
respect  to  both  slab  distortion  and  cracking  is  disclosed  by  Fig- 
ure 5  and  Tables  3,  4,  and  5. 

The  longitudinal  warp  referred  to  in  Table  3  is  defined  as  the 
difference  between  the  average  elevation  of  the  ends  of  the  slab 
and  the  elevation  at  a  point  midway  between  the  ends  of  the 
slab  measured  at  the  center  line.  Corrections  were  made  for 
vertical  curvature. 

The  transverse  warp  referred  to  in  Table  4  is  defined  as  the 
present  crown  of  the  pavement  at  the  transverse  joints  subtracted 
from  the  original  which,  exclusive  of  superelevated  curves,  was 
assumed  to  be  2  inches. 

Warp,  either  transverse  or  longitudinal  less  than  0.03  ft.  is 
neither  shown  on  Figure  1  nor  included  in  the  computation  of  the 
averages  in  Tables  3  and  4.  The  apparent  bumps  appearing  in 
the  pavement  at  the  transverse  joints  and  caused  by  the  distor- 
tion of  the  slabs  longitudinally  is  illustrated  in  Figure  4.  An 
analysis  of  the  longitudinal  and  transverse  cracking  is  given  in 
Table  5. 
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Table  3. — Longitudinal  warp  on  center  line 


Layei 

Length 

Total 
warp 

Maxi- 
mum 
warp 

Total 
slabs 

Num- 
ber of 
slabs 
warped 

Per- 
centage 
of  slabs 
warped 

Aver- 
age ' 
warp 
per  slab 

Aver- 
age 2 
warp 
per  slab 

5,  6,  7.... 

fl,  6,  7,  fill 

33 

Feet 
497 
664 

311 

Feet 
1.50 
.97 
.04 

Feet 
0.18 
.  10 
.04 

l(i 
21 
6 

13 
16 
1 

81 

76 
17 

Feet 
0.12 
.06 
.04 

Feet 
0.09 
.05 
.01 

1  Based  on  number  of  slabs  warped. 
}  Based  on  total  number  of  slabs. 


'  Tenter-joint  section. 


Table  4. —  Transverse  warp  from  center  line 


Layer 

Number 
of  joints 

Total 
warp 

Maximum 
warp 

Average 
warp 

5,  G,  7 

Hi 

23 

5 

Fee! 
3.03 
2.78 
.64 

Feet 
0.23 
.15 
.13 

Feel 
0. 19 

5,  6,  7.  fill  

.  12 

3  1 .    . 

.  13 

1  Center-joint  section. 

Table  5. — Longitudinal  and  transverse  cracking 


Length 

Num- 
ber of 
joints 

Transverse 

Londitudinal 

Layer 

Num- 
ber 

Length 

Length 
per 
slab 

Aver- 
age 
slab 
length 

Length 

Per 

cent 

Length 
per  slab 

5,6,  7. 

5,  6,  7,  fill..-. 
31-    

Feet 

497 

650 

311 

51 

16 

21 
6 

1 

8 
5 
9 
3 

Feet 
147 
89 
162 

58 

Feet 
9 
4 

27 
58 

Feet 
21 
25 
21 
13 

Feet 
225 
269 

45 
41 

Feet 
14 
13 

5' 

1  Center-joint  section. 


Figure  4. — Shoulders    are  Rutted   to    a  Depth    of   4 
Inches  Below  Bottom  of  Slab 

SUMMARY 

The  results  obtained  from  the  survey  may  be  summarized  as 
follows: 

1.  Distortion  both  longitudinal  and  transverse  occurred  in 
greatest  amount  in  the  pavement  slabs  18  feet  wide  and  about 
30  feet  long  laid  on  soil  layers  5,  6,  and  7  when  in  cut,  and 
in  but  slightly  less  amount  in  similar  slabs  laid  on  mixtures  of 
layers  5,  6,  and  7  used  in  fills. 

2.  The  slabs  containing  a  center  joint  and  transverse  joints 
spaced    about  50  feet  apart  laid  primarily  on  layers   1   and  3 


suffered  warping  in  very  much  less  amount  than  the  slabs  about 
30  feet  long  laid  on  layers  5,  6,  and  7. 

3.  The  slabs  of  another  pavement  (18  feet  wide  and  about  30 
feet  long)  separated  from  layers  5,  6,  and  7  of  these  soils  by 
eral  feet  of  good  top  soil  did  not  suffer  distortion  in  detrimental 
amount. 

4.  Longitudinal  cracks  occurred  only  in  those  slabs  constructed 
without  center  joint,  and  weiv  cither  short  cracks  beginning  at 
expansion  joints  or  cracks  extending  throughout  the  lengths  of 
the  slabs.  In  every  case,  however,  the  longitudinal  cracks 
were  situated  above  dowels  extending  across  the  transverse 
]"<  ints.  In  many  instances  a  longitudinal  crack  was  found  over 
one  dowel  on  one  side  of  a  joint  and  over  the  next  dowel  on  the 
other  side  of  the  joint. 


Figure  5.- 


-Warped    Slabs.      Transverse    Joints 
Marked  With  Sticks 


are 


5.  More  transverse  cracks  occured  in  the  slabs  about  50  feet 
long  than  in  the  slabs  30  feet  long.  The  greatest  concentration 
of  combined  longitudinal  and  transverse  cracking  occured  in  the 
slabs  without  center  joint  laid  in  cut  on  a  subgrade  consisting  of 
either  layer  7  or  a  combination  of  layers  5,  6,  and  7.  (See 
station   104  +  50  to  station   106  +  50,  Figure  1.) 

6.  Longitudinal  cracking  was  not  important  in  the  slabs 
which  warped  in  greatest  amount.  Even  at  several  joints 
where  the  slabs  had  faulted  in  amounts  equal  to  as  much  as  2 
inches  no  cracks  occurred  above  the  dowels. 

7.  Neither  the  longitudinal  nor  the  transverse  cracks  were  of 
appreciable  width.  This  fact  indicates  that  the  mesh  reinforce- 
ment has  served  to  prevent  the  separation  of  the  cracked  frag- 
ments of  slabs. 

8.  Generally  the  subgrade  soil  was  found  to  be  in  a  very  soft 
and  wet  condition.  Frequently  when  the  filler  was  removed 
from  the  expansion  joints  water  rose  quickly  to  the  surface  of  the 
pavement. 

9.  The  drain  serves  to  carry  a  large  flow  of  water  for  several 
days  after  rains,  but  does  not  eliminate  the  slab  movements  or 
prevent  the  subgrade  from  becoming  wet. 

10.  The  sliding  of  layers,  5,  6  and  7  when  occurring  in  the  face 
of  cuts  constitutes  a  serious  maintenance  problem.  In  this  con- 
nection a  scrutiny  of  records  covering  a  period  of  50  years, 
which  were  furnished  by  a  railway  company  operating  in  this 
region,  indicates  that  when  used  in  fills  the  soils  of  these  layers 
are  likely  to  prove  troublesome  until  the  slope  becomes  approxi- 
mately 1:5. 

SUBGRADE   SURVEY   SHEET   GIVING    INFORMATION   FOR   THE   DESIGN   OF 
NEW  ROADS 

Figure  6  is  an  example  of  the  final  form  of  survey  sheet  sub- 
mitted to  the  engineer  in  charge  of  design.  This  form  was  pre- 
pared from  a  survey  of  approximately  14  miles  of  graded  highway 
in  Mississippi.  The  recommendations  are  based  on  data  fur- 
nished by  the  behavior  of  existing  pavements  on  similar  sub- 
grades.  The  location,  grades  and  type  of  surfacing  had  already 
been  established  on  this  highway. 
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SOME  OBSERVATIONS  ON  THE  MODULUS  OF 
RUPTURE  OF  FROZEN  CONCRETE  BEAMS 

Reported  by  Andrew  P.  Anderson,  Highway  Engineer,  Division  of  Management,  U.  S.  Bureau  of  Public  Roads 

NEAR  the  close  of  some  extensive  field  studies  fell  to  about  f2°  F.,  these  beams,  which  were  stored  in 
of  efficiency  in  concrete  road  construction  an  unheated  frame  structure,  were  apparently  frozen 
during  the  fall  of  1929,  the  temperature  dropped  through  when  they  were  broken  the  following  day. 
below  20°  F.,  with  the  result  that  four  regular  6  by  8  The  third  beam  in  each  of  these  two  sets  was  not  made 
inch  concrete  beams  were  apparently  frozen  through  from  the  same  batch,  but  is  a  representative  beam 
when  they  were  broken  24  hours  after  they  had  been  from  those  broken  a  few  days  before  the  freeze  occurred, 
removed  from  the  curing  tank.  A  long  series  of  ex-  All  the  beams  on  job  A  were  broken  on  a  multiple-lever 
actly  similar  beams  had  previously  been  broken  on  this  field  beam-breaking  machine  which  had  been  used  by 
same  job  during  the  course  of  several  months.  The  the  same  men  in  breaking  a  large  number  of  beams 
indicated  modulus  of  rupture  of  these  frozen  beams,  during  the  previous  three  months.  The  beams  on  job 
in  comparison  with  those  not  frozen,  was  so  large  that  B  also  were  all  broken  by  the  same  men,  but  on  a  simple 
when  an  opportunity  arose  in  the  summer  of  1930  to  cantilever  apparatus  which  gave  very  consistent  re- 
make some  further  and  better  controlled  observations  suits,  of  practically  the  same  value  as  those  given  by 
on  the  modulus  of  rupture  of  frozen  beams  it  was  at  the  standard  two-point  loading  in  a  universal  testing 
once  accepted.  machine.     A  good  grade  of  gravel  aggregate  was  used 

It  happened  that  a  production  study  was  being  on  both  jobs.  Job  A  was  designed  to  give  a  modulus 
conducted  on  the  construction  of  a  concrete  road  which  of  rupture  of  about  800  pounds  per  square  inch  as  com- 
passed directly  by  an  ice-making  plant  with  facilities  pared  with  about  550  pounds  for  job  B.  The  propor- 
available  for  storing  a  considerable  number  of  beams  tions  by  volume  were  1:1.55:3.50  for  job  A  and  1 :2.20: 
and  cylinders  at  a  temperature  never  higher  than  28°  F.,  3.98  for  job  B. 
and   at  night   as  low  as  25°  F.     Seventeen  standard 

6  by  8  by  36  inch  beams,  comprising  five  sets  of  3  Table  I.— Results  of  modulus  of  rupture  tests  of  frozen  concrete 
beams  each  and  one  2-beam  set,  were  therefore  pre- 
pared at  once.  These  beams  were  all  made  from  the 
concrete  regularly  used  on  the  job  and  the  samples  for 
each  set  of  beams  were  obtained  in  exactly  the  same 
manner  as  were  the  regular  test  beams  which  were 
made  daily  for  controlling  the  strength  and  quality  of 
the  concrete,  and  for  determining  when  the  pavement 
could  be  opened  to  traffic.  Each  set  of  three  beams 
for  the  freezing  test  was  made  from  one  batch  of  con- 
crete as  it  was  dumped  over  the  molds  placed  side  by 
side  on  the  subgrade,  and  in  all  but  one  case  two  beams 
were  sooner  or  later  placed  in  the  cold  room.  In  every 
case  one  beam  from  each  set  was  kept  as  a  control  and 
cured  24  hours  along  the  roadside  under  damp  burlap 
and  then  stored  under  water  until  broken  on  the 
28th  day.  ,. 

Since  the  work  was  carried  on  during  midsummer, 
considerable  care  was  necessary  to  prevent  thawing  2 
during  the  flexure  tests.  The  beams  were  wrapped  in 
ice  and  burlap;  and  the  clamps  of  the  breaking  machine 
and  the  top  of  the  beam  were  kept  covered  with  ice  4 
during  the  progress  of  the  breaking.  Some  thawing 
probably  did  occur,  especially  on  the  first  beams  tested,  5 
before  the  completion  of  the  second  break.  This 
is  indicated  by  the  fact  that  the  second  break  on  several  o 
of  the  frozen  beams  gave  considerably  lower  results 
than  the  first  break.  For  the  beams  broken  during  the 
1930  job  (job  B,  Table  1)  the  first  break  probably  more  The  apparent  strength  gained  by  the  frozen  beams  is 
nearly  represents  the  condition  of  a  thoroughly  frozen  very  striking— in  some  cases,  more  than  100  per  cent 
beam.  above  the  corresponding  control  beam  (job  B,  set  3). 

Figure  1  shows  clearly  how  each  of  the  17  beams  of  In  but  one  case  (job  A,  set  1,  beam  2)  is  the  apparent 
job  B  was  treated  in  curing,  and  the  length  of  time  of  gain  in  strength  imparted  by  complete  freezing  less 
each  treatment.  The  modulus  of  rupture  in  pounds  than  25  per  cent  of  the  strength  of  the  corresponding 
per  square  inch  for  each  break  is  given  in  Table  1.  unfrozen  beam.  One  of  the  beams  (job  B,  set  2,  No.  1) 
The  two  sets  of  job  A  are  those  frozen  during  the  1929  which  was  placed  in  the  cold  room  but  three  hours  alter 
job.  They  were  removed  from  the  water  on  the  27th  it  was  made  and  before  it  had  attained  its  final  set  gave, 
day;  and  as  the  outside  temperature  during  the  night    a  surprisingly  high  figure  for  both   breaks— 962  and 
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Set  No. 

Beam  No. 

MimIuIus  of  rupture  in  pounds  per 
square  inch 

First        Second 
break         break 

Third 

break 

Average 

1                       

I  i 

1   i 

1,  152  1         1, 172 
969           1.014 



1,162 
992 

843 
993 

1,072 
825 

861 
1,046 
1,046 

782 

852 

1,019 

2 

1,059 

803 

JOB    B 


{ 

1 

1,010 

824 

2 

558 

560 

511 

) 

1 

1 

2 
3 

962 
273 
556 

793 
362 
561 

601 

1 

1 

1,185 

1,005 

2 

545 

446 

504 

1 

3 

510 

503 

528 

1 

1 

665 

HIS 

757 

2 

501 

430 

402 

1 

3 

506 

482 

493 

1 

428 

510 

475 

2 

257 

307 

I 

1 

3 
1 

597 
410 

519 
459 

134 

2 

404 

445 

433 

1 

3 

562 

528 

917 
543 
877 
315 
575 
1,  095 
198 
514 
680 
141 
494 
471 
282 
673 
444 
427 
545 
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CURING   PERIOD  IN  DAYS 

LEGEND 

■^■B         IN    AIR  AT  OUTDOOR  TEMPERATURE  K-'-'-l        BEAM    STORED     UNDERWATER 

\/  /  /  ;  I       BEAM    FROZEN-   TEMPERATURE    28    DEGREES    F.  OR    LOWER 

Figure   1. — Diagram    Showing    Curing  Treatment  of  Concrete   Beams  Subjected  to  Freezing  and 

Corresponding  Control  Specimens 


793  pounds  per  square  inch.  The  contrast  with  the 
companion  beam  which  was  treated  in  exactly  the  same 
manner,  except  that  it  was  taken  from  the  cold  room 
and  left  in  the  open  summer  air  for  about  six  hours 
before  it  was  broken,  is  most  striking,  for  the  latter 
beam  gave  moduli  of  only  273  and  362  pounds  per 
square  inch  for  the  two  breaks.  This  would  seem  to 
indicate  rather  clearly  that  the  concrete  gained  but 
little  actual  strength  while  stored  in  the  cold  room. 
( )n  the  other  hand,  beams  2  of  job  B,  sets  4  and  6, 
apparently  suffered  only  a  moderate  reduction  in 
modulus  of  rupture,  from  being  alternately  frozen  and 
thawed  after  they  had  attained  their  final  set.  These 
beams  were  placed  in  the  cold  room  24  and  7  hours, 
respectively,  after  they  were  molded.  Beam  1  of  set  5, 
job  B  was  stored  at  some  distance  from  the  freezing 
coils  and  appeared  to  be  only  partly  frozen  when  broken. 
From  these  data  it  would  appear  that  during  cold 
weather  a  reasonable  amount  of  care  should  be  exer- 
cised in  breaking  any  field  beams  which  may  form  a 
criterion  for  establishing  the  time  when  the  pavement 


can  be  thrown  open  to  traffic.  Unless  the  beams  have 
been  well  protected,  they  should  not  be  broken  except 
at  times  when  the  air  temperature  has  been  well  above 
the  freezing  point  for  at  least  five  or  six  hours.  A 
temperature  of  only  5°  or  6°  F.  below  the  freezing  point,  if 
of  sufficient  duration,  might  readily  freeze  an  exposed 
green  concrete  beam  sufficiently  to  indicate  a  modulus 
of  rupture  for  the  frozen  beam  50  per  cent  or  more 
above  what  the  same  beam  would  give  if  broken  when 
thawed.  An  otherwise  properly  cured  beam  will  show 
a  large  increase  in  apparent  strength  if  frozen  imme- 
diately prior  to  breaking.  This  fact  is  shown  by  both 
sets  of  job  A  and  set  1  of  job  B.  These  beams  were 
properly  cured  until  24  hours  prior  to  breaking.  It  is 
practically  certain  that  the  beam  of  job  B,  set  1,  was 
frozen  through,  but  it  is  not  equally  certain  that  this 
was  the  case  with  the  beams  of  job  A,  since  the  tem- 
perature within  the  building  in  which  the  beams  were 
stored  may  have  been  several  degrees  higher  than  the 
recorded  outdoor  temperature.  To  all  appearances, 
however,  the  beams  were  frozen  through. 
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PROCEDURES  FOR  TESTING  SOILS  FOR  THE  DETERMI- 
NATION OF  THE  SUBGRADE  SOIL  CONSTANTS 

By  A.  M.  WINTERMYER,    Assistant  Highway  Engineer,  E.  A.  WILLIS,    Assistant  Highway   Engineer    and   R.  C.  THOREEN,   Junior  Highway   Engineer, 

United  States  Bureau  of  Public  Roads 

THIS  is  the  fourth  of  a  series  of  articles  on  the    material  remaining  after  the  conclusion  of  each  test  is 
subject  of  subgrade  soils.     The  reports  published    used  in  the  next  test,  except  thai  the  test  for  the  centri- 
in   the  June   and  July,    1931,   issues  of  Public    fuge  moisture  equivalent  is  made  with  material  not  used 
Roads  discussed  the  soil  test  constants,  their  signifi-    in  previous  tests, 
cance,  and  their  application  in  practice.     The  report 
published  in   the  September  issue  described   the  pro- 
cedure for  making  subgrade  soil  surveys  in  the  field. 
The  purpose  of  the  present  report  is  to  acquaint  the  0£~*\ 

reader  with  the  procedure  employed  in  testing  soils  in  1^       «,      * 

the  subgrade  laboratory  of  the  bureau  at  Arlington,  Va. 

PREPARATION  OF  SAMPLE 

1.  Apparatus. — The  apparatus  consists  of  the  fol- 
lowing: 

A  balance  sensitive  to  0.1  gram. 

A  mortar  and  rubber-covered  pestle  suitable  for  breaking  up 
the  aggregations  of  soil  particles. 

A  series  of  sieves,  of  square-mesh  w  ire  cloth,  conforming  to 
the  requirements  of  the  standard  specifications  for  sieves  for 
testing  purposes  of  the  American  Society  for  Testing  Materials 
(serial  designation  E-ll).  The  sizes  required  are  shown,  in 
Table  1. 

A  riffle  sampler  or  sample  splitter,  for  quartering  the  samples. 

Table  1. — Requirements  for  sieve  openings  and  wiri  diameti  rs 

with  permissible  variations 


Mesh 

Tolerance 

desig- 
nation, 

U.  S. 
stand- 
ard 

Sieve  opening 

Wire  diameter 

Aver- 
age 

Wire  diameter 

Maxi- 

mum 

sieve 
series 

upening 

Under 

Over 

opening 

Milli- 

Milli- 

No. 

meters 

Inches 

meters 

Inches 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

4 

4.76 

0.  1870 

1.27 

0.  050 

±3 

15 

30 

10 

10 

2.00 

.0787 

.76 

.0299 

±3 

15 

30 

10 

40 

.42 

.0165 

.25 

.0098 

±6 

15 

30 

25 

200 

.074 

.0029 

.053 

.0021 

±8 

15 

35 

60 

2.  Sample. — The  soil  sample  as  received  from  the 
field  is  dried  thoroughly  in  the  air.  A  representative 
test  sample  of  the  amount  required  to  perform  the 
desired  tests  is  then  selected  by  the  method  of  quarter- 
ing or  by  the  use  of  a  sampler.  The  amounts  of  material 
required  to  perform  the  individual  tests  are  as  follows: 

(a)  For  the  mechanical  analysis,  material  passing 
No.  10  sieve  is  required  in  amounts  equal  to  115  grams 
of  sandy  soils  and  65  grams  of  either  silt  or  clay  soils. 

(6)  For  the  physical  tests,  material  passing  the  No. 
40  sieve  is  required  in  total  amount  equal  to  200  grams, 
allocated  as  follows: 

Grams 

Liquid  limit 30 

Plastic  limit 15 

Centrifuge  moisture  equivalent 10 

Field  moisture  equivalent 50 

Volumetric  shrinkage 30 

Flocculation  and  check  tests 1 65 

(c)  Physical  tests  of  binder  material  are  performed 
only  when  it  is  desired  to  investigate  the  properties  of 
the  active  constituents  in  sand-clay  and  gravel  road- 
surfacing  materials.  In  this  case  100  grams  of  the 
material  passing  the  No.  200  sieve  are  required  and  the 
tests  are  performed  in  the  following  order:  Field  mois- 
ture equivalent,  plastic  limit,  liquid  limit,  volumetric 
shrinkage,   and  centrifuge   moisture   equivalent.     The 

76692—31 1 


Figure  1. — Buoyoucos  Hydrometer,  Cylinder,   and 
Special  Milk-Shake  Machine 

3.  Procedure. — That  portion  of  the  air-dried  sample 
selected  for  test  is  weighed  and  the  weight  recorded  as 
the  weight  of  the  total  test  sample  uncorrected  for 
hygroscopic  moisture.  The  test  sample  is  separated  by 
sieving  with  a  No.  10  sieve.  That  fraction  retained 
on  the  No.  10  sieve  is  ground  in  a  mortar  with  a  rubber- 
covered  pestle  until  the  aggregations  of  soil  particles  are 
broken  up  into  the  separate  grains.  The  ground  soil  is 
then  separated  into  two  fractions  by  sieving  with  a  No. 
10  sieve. 

That  fraction  retained  after  the  second  sieving  is 
washed  free  of  all  fine  material,  dried,  and  weighed. 
This  weight  is  recorded  as  the  weight  of  coarse  material. 
The  coarse  material  after  being  washed  and  dried  is 
sieved  on  the  No.  4  sieve  and  the  weight  retained  on  the 
No.  4  sieve  is  recorded. 

The  fractions  passing  the  No.  10  sieve  in  both  sieving 
operations  are  thoroughly  mixed  together,  and  by  the 
method  of  quartering  or  the  use  of  a  sampler  a  portion 
weighing  approximately  115  grams  for  sandy  soils  and 
approximately  65  grams  for  silt  and  clay  soils  is  selected 
for  mechanical  analysis. 
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The  remaining  portion  of  the  material  passing  the 
No.  10  sieve  is  then  separated  into  two  parts  by  means 
of  a  No.  40  sieve.  The  fraction  retained  on  the  No.  40 
sieve  is  discarded.  The  fraction  passing  the  No.  40 
sieve  is  used  for  the  physical  tests. 

MECHANICAL  ANALYSIS  BY  COMBINED    SIEVE  AND  HYDROMETER 

METHOD 

1.  Apparatus. — The  apparatus  consists,  of  the  follow- 
ing: 

An  analytical  balance  sensitive  to  0.001  gram. 

A  special  milk-shake  machine  with  specially  designed  dis- 
persion cup. 

A  hydrometer  graduated  to  read  grams  of  soil  per  liter  of 
suspension.  The  milk-shake  machine  and  hydrometer,  illus- 
trated in  Figure  1,  were  designed  by  G.  J.  Bouyoucos  and  are 
described  in  Soil  Science,  (vol.  23,  No.  4,  April,  1927,  pp.  319  to 
330). 

A  glass  graduate  18  inches  high  and  2l/2  inches  in  diameter  and 
graduated  for  a  volume  of  1,000  cubic  centimeters. 

A  Fahrenheit  thermometer  accurate  to  1°. 

A  series  of  sieves,  of  square-mesh  wire  cloth,  conforming  to  the 
requirements  of  the  standard  specifications  for  sieves  for  testing 
purposes  of  the  American  Society  for  Testing  Materials  (serial 
designation  E-ll).     The  sieves  required  are  shown  in  Table  2. 

A  water  bath  for  maintaining  the  soil  suspension  at  a  constant 
temperature  during  the  hydrometer  analysis.  This  is  an  insu- 
lated zinc  tank  and  maintains  the  temperature  of  the  suspension 
at  faucet-water  temperature.     It  is  illustrated  in  Figure  2. 

A  glass  cylinder  9%  inches  high  and  2  inches  in  diameter,  having 
a  capacity  of  about  425  cubic  centimeters. 


Table   2. — Requirements  for  sieve  openings  and  wire  diameters 

with  permissible  variations 


SPRING    CLIP 


SPACER    BAR 


V-lAkAV- 


CLIP    BLOCK 


Figure  2. — Tank  for  Graduated  Glasses,  Used  for 
Maintaining  Soil  Suspensions  at  Constant  Tem- 
perature During  Hydrometer  Analysis 

2.  Sample. — Of  that  portion  of  the  total  sample 
selected  for  the  mechanical  analysis,  15  grams  are  used 
to  determine  the  hygroscopic  moisture  and  the  re- 
mainder is  used  for  the  combined  sieve  and  hydrometer 
analysis. 

3.  Determination  of  hygroscopic  moisture. — The  15 
grams  selected  for  this  purpose  are  dried  to  constant 
weight  in  an  oven  at  110°  C,  weighed,  and  the  results 
recorded. 

4.  Flocculation  test. — Five  cubic  centimeters  of  soil 
particles  (weight  iu  grams  equal  to  five  times  the 
specific  gravity  of  the  soil  particles)  of  that  fraction 
passing  the  No.  40  sieve  are  placed  in  a  graduate  and 


Mesh 

Tolerance 

desig- 
nation, 

U.  S. 

stand- 

Sieve opening 

Wire  diameter 

Aver- 

Wire diameter 

Maxi- 

ard 

age 

sieve 

open- 

open- 

series 

ing 

Under 

Over 

lng 

Milli- 

Milli- 

No. 

meters 

Inches 

meters 

Inches 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

20 

0.84 

0.  0331 

0.42 

0.  0165 

±5 

15 

30 

25 

40 

.42 

.0165 

.25 

.  UO'.tS 

±5 

15 

30 

25 

60 

.25 

.0098 

.162 

.0064 

±6 

15 

35 

40 

140 

.105 

.0041 

.074 

.0029 

±8 

15 

35 

60 

200 

.074 

.0029 

.053 

.0021 

±8 

15 

35 

60 

vigorously  shaken  with  45  cubic  centimeters  of  dis- 
tilled water  for  two  minutes.  The  graduate  is  then 
set  aside  for  a  period  of  24  hours.  If  during  this 
period  there  is  evidence  of  flocculation,  the  fact  is  re- 
corded, together  with  a  note  regarding  the  extent  of 
flocculation  and  the  approximate  time  at  which  it 
became  evident. 

5.  Hydrometer  test  procedure. — The  portion  of  air- 
dried  soil  selected  for  mechanical  analysis  is  dispersed 
by  one  of  the  three  methods  described  below.  The 
method  to  be  used  is  determined  by  the  plasticity  index 
of  the  soil. 

A.  In  the  case  of  soils  having  a  plasticity  index 
between  0  and  5,  the  soil  is  placed  in  the  special  dis- 
persion cup  and  distilled  water  is  added  until  the  cup 
is  within  2  inches  of  being  full.  A  deflocculating 
agent,  20  cubic  centimeters  of  sodium  silicate  solution 
(3°  Baum6  at  76°  F.),  is  then  added  and  the  contents 
of  the  cup  are  mixed  by  the  special  milk-shake  machine 
for  a  period  of  five  minutes. 

B.  In  the  case  of  soils  having  a  plasticity  index  be- 
tween 5  and  20  the  soil  is  placed  in  a  small  evaporating 
dish  and  completely  covered  with  water.  It  is  allowed 
to  soften  under  water  for  a  period  of  at  least  18  hours. 
After  the  soil  has  softened  it  is  washed  into  the  special 
dispersion  cup  and  dispersed  in  the  same  manner  as  in 
method  A,  except  that  the  time  of  dispersion  is  in- 
creased to  10  minutes. 

C.  In  the  case  of  soils  having  a  plasticity  index 
greater  than  20  the  soil  is  placed  in  a  glass  cylinder  and 
to  this  is  added  100  cubic  centimeters  of  6  per  cent 
hydrogen  peroxide.  The  cylinder  is  shaken  until  the 
soil  is  completely  wetted.  The  cylinder  is  then  covered 
with  a  watch  glass  and  placed  in  an  oven  at  a  tempera- 
ture of  110°  C.  for  1  hour,  after  which  it  is  removed 
from  the  oven  and  allowed  to  stand  for  at  least  18 
hours.  The  peroxide  is  used  to  assist  in  the  dispersion 
rather  than  to  remove  the  organic  matter.  After  the 
soil  has  been  treated  with  peroxide  as  described  above 
it  is  washed  into  the  special  dispersion  cup  and  dis- 
persed in  the  same  manner  as  in  method  A,  except  that 
the  time  of  dispersion  is  increased  to  15  minutes. 

It  is  important  in  all  cases  to  see  that  the  paddle  on 
the  dispersion  machine  is  replaced  as  soon  as  it  shows 
signs  of  wear. 

After  dispersion  the  mixture  is  transferred  to  the 
glass  graduate,  and  distilled  water  having  the  same 
temperature  as  the  constant  temperature  bath  is  added 
until  the  mixture  attains  a  volume  of  1,000  cubic  centi- 
meters. The  graduate  containing  the  soil  suspension 
is  then  placed  in  the  constant  temperature  bath.  The 
suspension  is  stirred  frequently  with  a  glass  rod  to 
prevent  settlement  of  particles  in  suspension.  When 
the  soil  suspension  attains  the  temperature  of  the  bath 
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the  graduate  is  removed  and  its  contents  thoroughly 
shaken  for  one  minute,  the  palm  of  the  hand  being 
used  as  a  stopper  over  the  mouth  of  the  graduate.  At 
the  conclusion  of  this  shaking  the  time  is  recorded,  the 
graduate  placed  in  the  bath,  and  readings  taken  with 
the  hydrometer  at  the  end  of  both  one  and  two  minutes. 
The  hydrometer  is  read  at  the  top  of  the  meniscus 
formed  by  the  suspension  around  its  stem  to  the  near- 
est one-half  gram  per  liter.  Subsequent  readings  are 
taken  at  intervals  of  5,  15,  30,  60,  250,  and  1,440 
minutes  after  the  beginning  of  sedimentation.  Read- 
ings on  the  thermometer  placed  in  the  constant  tem- 
perature bath  are  made  coincidentally  with  the  hydro- 
meter readings  and  recorded. 

After  each  reading  except  the  1-minute  reading,  the 
hydrometer  is  very  carefully  removed  from  the  soil  sus- 
pension in  such  a  manner  as  to  cause  no  disturbance  in 
the  suspension,  wiped  clean,  and  laid  aside.  Fifteen 
or  twenty  seconds  before  the  time  for  a  reading  it  is 
again  slowly  and  carefully  placed  in  the  soil  suspension. 
This  operation  prevents  soil  particles  from  accumulating 
on  the  hydrometer  and  also  prevents  the  hydrometer 
from  reducing  the  horizontal  sectional  area  of  the  sus- 
pension through  which  the  soil  particles  settle.  The 
reading  is  not  taken  until  the  hydrometer  has  come 
to  rest. 

6.  Sieve  analysis. — At  the  conclusion  of  the  final 
reading  the  suspension  is  washed  on  a  No.  200  sieve. 
That  fraction  retained  on  the  No.  200  sieve  is  dried 
and  then  analvzed  in  a  nest  of  sieves  consisting  of  one 
each  of  the  following:  Nos.  20,  40,  60,  and  140. 

COMPUTATION  OF  DATA  GIVEN  BY  MECHANICAL  ANALYSIS 

The  data  obtained  from  the  three  parts  of  the  test, 
i.  e.  the  separation  of  coarse  material  in  the  preparation 
of  the  sample,  the  hydrometer  analysis,  and  the  sieve 
analysis — are  computed  and  combined  as  described 
below  and  illustrated  in  Tables  3  and  4. 

1.  Hygroscopic  moisture. — The  hygroscopic  moisture 
is  expressed  as  a  percentage  of  the  weight  of  the  oven- 
dried  soil  and  is  one  hundred  times  the  quantity  ob- 
tained by  dividing  the  difference  between  the  weight  of 
the  air-dried  and  the  weight  of  the  oven-dried  soil  by 
the  weight  of  the  oven-dried  soil.  The  method  of  com- 
putation is  illustrated  in  Table  3. 

To  correct  the  weight  of  the  air-dried  sample  for 
hygroscopic  moisture  the  given  value  is  multiplied  by 
the  expression 

100 

100  + per  cent  of  hygroscopic  moisture 

This  factor,  as  illustrated  in  Table  3,  equals 


100 


100  +  2.53 


=  0.975 


Thus  in  Table  4  the  weight  of  air-dried  sample,  99.0 
grams,  multiplied  by  0.975  equals  96.5  grams,  the 
weight  of  dry  soil  dispersed. 

2.  Coarse  material. — From  the  weight  of  the  air- 
dried  total  test  sample  (318.3  grams,  Table  3)  the 
weight  of  the  oven-dried  fraction  retained  on  the  No.  10 
sieve  (56.2  grams,  Table  3)  is  subtracted.  The  differ- 
ence (262.1  grams,  Table  3)  is  assumed  to  equal  the 
weight  of  the  air-dried  fraction  passing  the  No.  10 
sieve.  According  to  this  assumption,  no  hygroscopic 
moisture  is  contained  in  the  air-dried  particles  retained 
on  the  No.  10  sieve,  when  as  a  matter  of  fact  a  small 


Table  3. — Hygroscopic   moisture  and  coarse  material  determina- 
tions for  sample  Ji,It22X 

HYOROSCOPIC  MOISTURE 

Weight  of  air-dried  soil,  grams 15.00 

Weight  of  dish  and  air-dried  soil,  grams 41.37 

Weight  of  dish  and  oven-dried  soil,  grams 41.  00 

Loss  in  weight,  grams 0.  37 

Weight  of  oven-dried  soil,  grams 14.63 

Hygroscopic  moisture,  percentage  of  weight  of  oven- 
dried  soil 2.  53 

Hygroscopic  moisture  correction  factor 0.  975 

COARSE  MATERIAL 

Weight  of  total  test  sample,  air-dried,  grams 318.  3 

Weight  of  washed  and  oven-dried  fraction  retained  on 

No.  10  sieve,  grams 56.  2 

Weight  of  fraction  passing  No.  10  sieve,  air-dried, grams.   262.  1 

Weight  of  fraction  passing  No.    10   sieve  corrected  for 

hygroscopic  moisture,  grams 255.  5 

Weight   of  total  test  sample  corrected  for  hygroscopic 

moisture,  grams 311.  7 

Weight  of  fraction  retained  on  No.  4  sieve,  oven-dried, 

grams 40.  6 

Fraction  retained  on  No.  4  sieve,  percentage  of  corrected 
weight  of  total  test  sample 13.  0 

Fraction  retained  on  No.  10  sieve,  percentage  of  cor- 
rected weight  of  total  test  sample 18.  0 

percentage  of  moisture  may  be  present  in  this  fraction. 
This  amount  of  moisture,  compared  with  that  held  in  the 
pores  of  the  fraction  passing  the  No.  10  sieve,  is  rela- 
tively small.  Therefore  any  error  produced  by  the 
assumption  as  stated  is  considered  negligible  in  amount. 
The  weight  of  the  fraction  passing  the  No.  10  sieve  is 
corrected  for  hygroscopic  moisture  (255.5  grams, 
Table  3).  To  this  value  is  added  the  weight  of  the 
oven-dried  fraction  retained  on  the  No.  10  sieve  to 
obtain  the  weight  of  the  total  test  sample  corrected  for 
hygroscopic  moisture  (311.7  grams,  Table  3).  The 
fractions  retained  on  both  the  No.  4  and  the  No.  10 
sieve  are  expressed  as  percentages  of  the  corrected 
weight  of  the  total  test  sample  (13.0  per  cent  and  18.0 
per  cent,  respectively,  Table  3). 

3.  Percentage  of  soil  in  suspension. — For  tempera- 
tures of  the  constant  temperature  bath  other  than  that 
at  which  the  hydrometer  was  calibrated,  the  hydro- 
meter readings  are  corrected  in  accordance  with  tem- 
perature correction  factors  such  as  are  shown  graphic- 
ally as  AR  in  Figure  3,  A.  A  temperature  correction 
curve  of  this  type  should  be  determined  experimentally 
for  each  hydrometer  in  use.  Thus  in  Table  4  the  first 
hydrometer  reading,  34,  taken  at  70°  F.  becomes  34.4 
when  corrected  for  temperature  in  accordance  with 
Figure  3,  A. 

The  percentage  of  the  dispersed  soil  in  suspension 
represented  by  different  corrected  hydrometer  readings 
depends  upon  both  the  amount  and  the  specific  gravity 
of  the  soil  dispersed. 

If  the  specific  gravity  of  the  soil  is  2.65,  the  hy- 
drometer reading  gives  the  weight  of  soil  remaining  in 
suspension  in  grains  per  liter  of  the  mixture  or  suspen- 
sion. The  percentage  of  dispersed  soil  remaining  in 
suspension  is  given  by  the  expression 

P=fxioo 

where  P  =  percentage  of  originally   dispersed   soil  re- 
maining in  suspension. 
R  =  hydrometer  reading. 

W  =  weight  of  soil  originally  dispersed,  in  grams 
per  liter  of  suspension. 
If,  as  is  the  customary  procedure,  the  volume  of  the 
suspension  is  1  liter,  the  term  W  may  be  taken  as  the 
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total  weight  of  soil  originally  dispersed,  without  the 
qualifying  phrase,  "per  liter  of  suspension." 

If  the  specific  gravity  of  the  soil  is  other  than  2.65, 
the  percentage  of  originally  dispersed  soil  remaining  in 
suspension  is  given  by  the  expression 

P=fxioo 

in  which  a  is  a  constant  depending  on  the  density  of 

the  suspension.    The  value  of  a,  for  a  specific  gravity  G 

and  a  water  density  at  67°  F.  of  0.9984,  is  given  by  the 

equation 

2.6500-0.9984  G 

a  = ?rw^7^ X 


Table  4. — Sieve  and  hydrometer  analysis  for  sample  No.  4,422X 

Percentage  of  sample  retained  on  No.  10  sieve 18.  0 

Weight  of  air-dried  sample,  grams 99.  0 

Weight  of  dry  soil  dispersed,  grams ' 96.  5 

Weight  of  total  test  sample  represented  by  weight  of  dry 

soil,  grams 117.  7 

Specific  gravity 2.  41 

Plasticity  index 8.  0 

Flocculation None. 

DETERMINATION  OF  PERCENTAGE  OF  SOIL  IN  SUSPENSION 


2.6500 


G- 0.9984 


Following  are  values  of  a  for  different  values  of  the 
specific  gravity : 


Specific 

Constant, 

gravity,  G 

a 

2.95 

0.94 

2.85 

0.96 

2.75 

0.98 

2.65 

1.00 

2.55 

1.02 

2.45 

1.05 

2.35 

1.08 

Time 
observed 

Temper- 
ature 

Hydrometer  reading 

Percent- 
age of 
dispersed 
sample 
remaining 
in  suspen- 
sion, P 

Percent- 
age of 

Date  tested 

Corrected 

0r*inal    pera^e 
(fig.  3,  A). 

total  test 
sample 
remaining 
in  suspen- 
sion, Pi 

July  29,  1929 

9.41a.  m 

°F. 

Do 

9.42  a.  m 

9.43  a.  m 

9.46  a.  m 

9.56  a.  m 

10.11  a.  m... 
10.41  a.  m... 

1.51  p.  m 

9.41a.  m 

70 
70 
70 
70 
70 
70 
70 
68 

34.6             34.4 
25.5  )           25.9 
19.0             19.4 
15.0  !           15.4 
12.  0             12.  4 
10.5  |           10.9 
7.0               7.4 
3. 0              3. 1 

37.4 
28.2 
21.1 
16.8 
13.5 
11.9 
8.1 
3.4 

30.7 

Do 

23. 1 

Do 

17.3 

Do 

Do 

Do 

13.7 
11.  1 
9.7 

Do 

July  30,  1929 

6.6 

2.8 

DETERMINATION  OF  SIZE  OF  SOIL  PARTICLES  IN  SUSPENSION 


The  percentage  of  the  dispersed  soil  remaining  in 
suspension  may  be  obtained  from  this  table  by  inter- 
polation. It  is  sufficiently  accurate,  however,  to  select 
the  constant  for  the  specific  gravity  closest  to  that  of 
the  particular  soil  tested.  Thus,  in  Table  4,  sample 
No.  4,422X  has  a  specific  gravity  of  2.41,  and  conse- 
quently the  constant,  1.05,  corresponding  to  a  specific 
gravity  of  2.45,  is  used. 

A  corrected  hydrometer  reading  of  34.4  in  Table  4, 
therefore,  indicates  a  percentage  of  dispersed  soil  in 
suspension, 

p     34.4X1.05     Q_. 

P=  96Xx^0T  =  37-4  peT  Cent 

For  any  hydrometer  reading  R  the  percentage  of  dis- 
persed soil  in  suspension  =  R  X  1.088. 

The  percentage  of  the  total  test  sample,  including 
the  fraction  retained  on  the  No.  10  sieve,  is  obtained 
by  multiplying  this  result  by  the  expression 


Original 
hydrom- 
eter 
reading 

Period  of 

Grain 

diameter1 

D 

Temper- 
ature 

Correction  coefficients 

,r> 

Corrected 

sedimen- 
tation, T 

Ku 

Fig.  3,  B 

Ka, 

Fig.  3,  C 

K0 
Fig.  3 

grain 
diameter 

34.0 

25.5 

19.0 

15.0. 

12.0.. 

10.5 

7.0 

3.0 

Minutes 

1 

2 

5 

15 

30 

60 

250 

1,440 

Milli- 
meters 
0.078 
.055 
.035 
.020 
.014 
.010 
.005 
.002 

°F. 
70 
70 
70 
70 
70 
70 
70 
68 

0.48 

.50 
.51 
.52 
.53 
.53 
.54 
.55 

1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 

0 

98 
98 

MS 
'.IS 

lis 
98 
98 
99 

Milli- 
vieters 
0. 0396 
.0291 
.0189 
.0110 
.0079 
.0056 
.0029 
.0012 

Fraction 


Passing  No.  10,  retained  on  No.  20.. 
Passing  No.  20,  retained  on  No.  40.. 
Passing  No.  40,  retained  on  No.  60... 
Passing  No.  60,  retained  on  No.  140.. 
Passing  No.  140,  retained  on  No.  200 


Qrams 
2.35 
2.59 
4.12 
9.41 
12.11 


Percent- 
age of 
total  test 
sample 


2.0 
2.2 

3.5 
8.0 
10.3 


100  — per  cent  retained  on  the  No.  10  sieve 
100 

Thus  in  Table  4,  for  a  hydrometer  reading  of  34.4, 
the  percentage  of  the  total  sample  remaining  in  sus- 
pension is  obtained  by  the  computation 


P,=37.4X 


100-18.1 
100 


=  30.7 


4.  Diameter  of  soil  particles  in  suspension. — The 
maximum  diameters  of  the  particles  in  suspension, 
based  on  Stokes's  law  for  assumed  conditions  suggested 
in  part  by  G.  J.  Bouyoucos,  are  shown  in  Table  5. 
(See  Soil  Science,  vol.  26,  No.  3,  September,  1928, 
p.  234.) 

According  to  Stokes's  law, 


This  computation  can  be  combined  with  the  one 
above,  allowing  the  percentage  of  the  total  sample 
remaining  in  suspension  to  be  computed  from  the  cor- 
rected hydrometer  reading  R.     We  have,  therefore, 

Px  =  Px  1.088X0.82  =  0.892  R 

Thus  for  a  corrected  hydrometer  reading  of  25.9, 
Table  4,  we  obtain  the  percentage  of  the  total  sample 
in  suspension, 

P!=25.9X0. 892=23.1 


d 


-V 


30nP 
980  (67-  &)  T 


In  this  equation — - 

d  =  maximum  grain  diameter  in  millimeters, 
n  =  coefficient   of   viscosity   of   the   suspending 

medium   (in  this  case  water)  in  poises. 

Varies  with  changes  in  temperature  of  the 

suspending  medium. 
L  =  distance  in  centimeters  through  which  soil 

particles  settle  in  a  given  period  of  time. 
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TEMPERATURE     CORRECTION .  A*?,  TO 
HYDROMETER    READING 


CORRECTION    COEFFICIENT,    KL  ,    FOR 

ELEVATION  OF    HYDROMETER 

IN  SUSPENSION 


CORRECTION   COEFFICIENT,    Ha ,  FOR 
VARIATION    IN  5PECIFIC    GRAVITY 


100  1. 10  1.20 

CORRECTION   COEFFICIENT,    K„,    FOR 
VARIATION    IN  VISCOSITY  OF 
SUSPENDING     MEDIUM 


Figure  3. — Correction  Curves  for  Use  in  Hydrometer  Analysis 


!T=time  in  minutes,  period  of  sedimentation. 
G  =  specific  gravity  of  soil  particles. 
Gx  =  specific  gravity  of  the  suspending  medium. 
In  this  case  6?!  =  0.9984,  or  approximated 
1.0. 

Table  5. — Maximum  grain  diameters  in  suspension  under  assumed 
conditions 


Maximum 

grain  di- 

ameter in 

suspension 

Minnies 

Millimeters 

1 

0.078 

2 

.055 

5 

.035 

15 

.020 

30 

.014 

60 

.010 

250 

.005 

1,440 

.002 

The  grain  diameters  given  in  Table  5  are  computed 
according  to  the  following  assumptions: 

L,  the  distance  through  which  the  particle  falls,  is 
constant  and  equal  to  32.5  centimeters. 

n,  the  coefficient  of  viscosity,  equals  0.0102,  that  of 
water  at  67°  F.1 

G,  the  specific  gravity  of  the  soil  particles,  is  constant 
and  equal  to  2.65. 

As  a  matter  of  fact,  the  hydrometer  reading  is  de- 
pendent, not  on  particles  distributed  throughout  a 
depth  of  32.5  centimeters  in  the  suspension,  but  on 
those  existing  in  that  portion  of  the  suspension  holding 
the  hydrometer. 

In  order  to  use  Stokes's  law  to  determine  the  diameter 
of  the  particles  it  is  necessary  to  know  the  distance 
through  which  these  particles  fall  in  a  given  time. 
Since  the  density  throughout  a  suspension  is  not  uni- 
form and  varies  with  the  grading  of  the  material  in 
suspension  and  the  time  of  sedimentation,  a  fixed 
distance  can  not  be  used.  For  hydrometers  of  certain 
shapes  the  depth  of  the  center  of  volume  of  the  hydrom- 
eter below  the  surface  of  the  suspension  could  be  taken 
as  the  distance  through  which  the  particles  may  be 
assumed  to  fall.  In  the  case  of  the  Bouyoucos  hydrom- 
eter it  has  been  found  by  experiment  that  for  the 
methods  of  dispersion  described  in  this  procedure 
an  assumed  distance  which  bears  a  constant  ratio  to 
the  depth  of  the  hydrometer  in  the  suspension,  but 

1  Smithsonian  Physical  Tables,  seventh  revised  edition,  1921,  p.  155. 


which  is  less  than  the  distance  indicated  by  the 
center  of  volume  of  the  hydrometer,  gives  closer  agree- 
ment to  mechanical  analysis  performed  by  the  pipette 
methods.  The  assumed  distance  of  fall  has  been  taken 
as  0.42  of  the  distance  from  the  surface  of  the  suspension 
to  the  elevation  of  the  bottom  of  the  hydrometer. 

The  specific  gravities  of  the  soil  particles  and  the 
temperature  of  the  suspension  are  likely  to  vary  from 
those  assumed  in  the  preparation  of  Table  3.  A 
better  approximation  to  the  true  diameters  of  the  soil 
particles  is  obtained  by  applying  correction  coefficients 
to  the  values  given  by  Table  5. 

Curves  from  which  these  coefficients  may  be  derived 
are  given  in  Figure  3.  The  correction  coefficients  for 
elevation  of  hydrometer  (fig.  3,  B)  are  obtained 
experimentally  for  each  hydrometer  in  use.  The 
coefficients  for  the  specific  gravity  and  the  viscosity 
correction  (figs.  3,  C  and  3,  D,  respectively)  are  inde- 
pendent of  the  apparatus  used  in  the  test. 

Multiplication  by  the  coefficient  shown  in  Figure  3,  B 
gives  the  maximum  grain  size  at  the  reference  elevation 
in  the  suspension  instead  of  that  at  a  depth  of  32.5 
centimeters.  This  coefficient  varies  with  the  hydrom- 
eter reading  and  is  given  by  the  expression, 


Kj  = 


V 


assumed  depth  of  fall  in  centimeters 


32.5 


Multiplication  by  the  coefficient  shown  in  Figure 
3,  C  corrects  for  variation  in  specific  gravity2  from  that 
on  which  the  sizes  given  in  Table  5  are  based  and  is 
given  by  the  expression 


Kn  = 


V, 


1.65 


specific  gravity  of  soil  particle  —  1 


Multiplication  by  the  coefficient  shown  in  Figure  3,  D 
corrects  for  the  viscosity  of  water  at  temperatures 
other  than  67°  F.,  the  temperature  of  the  suspension 
assumed  in  the  preparation  of  Table  5.  The  viscosity 
correction  coefficient  is  given  by  the  expression 


Kn 


V 


viscosity  coefficient  at  given  temperature 
0.0102 


The  application  of  these  coefficients  is  illustrated  in 
Table  4.     After  a  period  of  sedimentation  of  one  minute 

s  The  specific  gravity  of  the  soil  should  be  obtained  by  the  pyenometer  method. 
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Figure  4. — Gkain-Size  Accumulation  Curve  for  Soil  Sample  4,422X 


the  grain  diameter  indicated  by  Table  5  is  0.078  milli- 
meters. The  uncorrected  hydrometer  reading  was  34, 
the  specific  gravity  was  2.41,  and  the  temperature  of 
the  suspension  was  70°  F.  The  correction  coefficients 
in  this  case  are  0.48,  corresponding  to  a  hydrometer 
reading  of  34  (fig.  3,  B) ;  1.08,  corresponding  to  a  specific 
gravity  of  2.41  (fig.  3,  C);  and  0.98,  corresponding  to  a 
water  temperature  of  70°  F.  (fig.  3,  D).  The  corrected 
grain  diameter  then  becomes 

0.078  millimeter  X  0.48  X  1 .08  X  0.98  =  0.040 millimeter 

5.  Sieve  analysis. — The  percentage  of  the  soil  sample 
retained  on  each  of  the  sieves  in  the  sieve  analysis  is 
obtained  by  dividing  the  weight  of  fraction  retained  on 
each  sieve  by  the  weight  of  the  oven-dried  fraction  dis- 
persed (117.7  grams,  Table  4)  and  multiplying  by  100. 

6.  Plotting. — The  percentages  of  grains  of  different 
diameters  are  plotted  to  a  logarithmic  scale  to  obtain 
"soil  grain-diameter  accumulation  curves."  Figure 
4  shows  a  curve  of  this  character  representing  the 
mechanical  analysis  of  soil  sample  No.  4,422X. 

7.  Record. — The  results  are  reported  as  follows: 

Particles  larger  than  2  millimeters,  per  cent. 
Coarse  sand,  2.0  millimeters  to  0.25  millimeter,  per  cent. 
Fine  sand,  0.25  millimeter  to  0.05  millimeter,  per  cent. 
Silt,  0.05  millimeter  to  0.005  millimeter,  per  cent. 
Clay,  smaller  than  0.005  millimeter,  per  cent. 
Colloids,  smaller  than  0.001  millimeter,  per  cent. 

DETERMINATION  OF  LIQUID  LIMIT 

1.  Definition. — The  liquid  limit  of  a  soil  is  that 
moisture  content,  expressed  as  a  percentage  of  the  weight 
of  the  oven-dried  soil,  at  which  the  soil  will  just  begin 
to  flow  when  lightly  jarred  ten  times. 

2.  Apparatus. — The  apparatus  consists  of  the  follow- 
ing: 

A  porcelain  evaporating  dish  about  4J^  inches  in  diameter. 

A  flexible  spatula  having  a  blade  about  3  inches  long  and 
about  2€  inch  wide. 

A  grooving  tool  of  dimensions  shown  in  Figure  5. 

Matched  watch  glasses  which  are  held  together  by  a  suitable 
clamp  and  fit  sufficiently  tight  to  prevent  loss  of  moisture  during 
weighing. 

An  analytical  balance  sensitive  to  0.001  gram. 

3.  Sample. — A  sample  weighing  about  30  grams  is 
taken  from  the  thoroughly  mixed  portion  of  the  material 
passing  the  No.  40  sieve. 


4.  Procedure. — The  air-dried  soil  is  placed  in  the 
evaporating  dish  and  thoroughly  mixed  with  water 
until  the  mass  becomes  pasty.  The  mass  of  soil  is 
then  shaped  into  a  smooth  layer  about  three-eighths 
inch  thick  at  the  center  and  divided  into  two  portions 
with  the  grooving  tool,  as  shown  in  Figure  6,  top. 

The  dish  is  held  firmly  in  one  hand,  with  the  groove 
parallel  to  the  line  of  sight,  and  tapped  lightly  with  a 


0-3937 


BENT  TO    FIT 
PROXIMATELY 
CURVATURE    OF 
PORATING     DISH. 


Figure  5/ — Grooving  Tool  Used  in  Liquid  Limit  Test 
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DIVIDED    SOIL    CAKE    BEFORE    TEST 


soil  cake   after  test 
Figure  6. — Diagram  Illustrating  Liquid  Limit  Test 

horizontal  motion  against  the  palm  of  the  other  hand 
ten  times.  If  the  lower  edges  of  the  two  soil  portions 
do  not  flow  together  as  shown  in  Figure  6,  bottom, 
after  ten  blows  have  been  struck,  the  moisture  content 
is  below  the  liquid  limit.  More  water  should  be  added 
and  the  procedure  repeated.  If  the  lower  edges  meet 
before  ten  blows  have  been  struck,  the  moisture  content 
is  above  the  liquid  limit,  and  dry  soil  should  be  added 
and  the  procedure  repeated. 

When  the  lower  edges  of  the  two  portions  of  the  soil 
cake  just  flow  together  as  shown  in  Figure  6,  bottom, 
after  ten  blows  have  been  struck,  the  moisture  con- 
tent equals  the  liquid  limit.  To  determine  definitely 
whether  the  two  portions  are  actually  joined,  the  spat- 
ula is  used  to  push  one  away  from  the  other.  If  the 
two  portions  separate  along  the  original  line  of  division, 
the  end  point  has  not  been  reached,  and  the  procedure  is 
repeated  with  the  addition  of  a  small  amount  of  water. 

A  small  quantity  of  soil  from  that  portion  of  the  soil 
cake  which  has  flowed  is  removed  and  placed  in  a  pair 
of  watch  glasses.  The  watch  glasses  and  soil  are  then 
weighed  and  the  weight  recorded  as  the  weight  of  glass 
and  wet  soil  (37.49  grams  in  Table  6).  The  soil  in  the 
glasses  is  oven-dried  to  constant  weight  at  a  tempera- 
ture of  110°  C.  and  weighed.  This  weight  is  recorded 
as  the  weight  of  glass  and  dry  soil  (28.15  grains,  Table 
6).  The  loss  in  weight  due  to  drying  (37.49  grams 
28.15  grams  =  9.34  grams,  Table  6)  is  recorded  as  the 
weight  of  water. 

5.  Calculation. — The  liquid  limit  is  expressed  as  the 

moisture  content  in  percentage  of  the  weight  of  the 

oven-dried   soil.     It  is  computed  from   the  following 

formula : 

T    r        weight  of  water       ,  nn 

L.  L.= — ■  ?,     .  i n x  100 

weight  oi  dry  soil 

Thus  in  Table  6  the  liquid  limit  of  sample  S  5,214  is 

9  34 

r^.  X 100  =  62.0  per  cent 
15.0b 

DETERMINATION  OF  PLASTIC  LIMIT 

1.  Definition. — The  plastic  limit  of  a  soil  is  the 
lowest  moisture  content,  expressed  as  a  percentage  of 
the  weight  of  the  oven-dried  soil,  at  which  the  soil  can 
be  rolled  into  threads  one-eighth  inch  in  diameter 
without  the  threads  breaking  into  pieces. 


Table  6. — Plasticity  determinations  for  sample  S  5,214 

LIQUID  LIMIT  TEST 

Weight  of  glass  and  wet  soil,  grams 37.  49 

Weight  of  glass  and  dry  soil,  grams 28.15 

Weight  of  glass,  grams 13.09 

Weight  of  water,  grams 9.  :;  1 

Weight  of  dry  soil,  grams 15.06 

Liquid  limit,  per  cent 62.  0 

PLASTIC   LIMIT  TEST 

Weight  of  glass  and  wet  soil,  grams 32.  20 

Weight  of  glass  and  dry  soil,  grams 28.  59 

Weight  of  glass,  grams 12.  17 

Weight  of  water,  grams 3.  01 

Weight  of  dry  soil,  grams 16.  42 

Plastic  limit,  per  cent 22.0 

Plasticity  index,  per  cent 40.  0 


Figure  7. — Rolling  of  Soil  Threads  in  Plastic  Limit  Test 

2.  Apparatus. — The  apparatus  consists  of  the  fol- 
lowing : 

A  porcelain  evaporating  dish  about  4)4  inches  in  diameter. 

A  flexible  spatula  having  a  blade  about  3  inches  long  and 
about  three-fourths  inch  wide. 

A  glass  plate  or  piece  of  glazed  paper  on  which  to  roll  the  sample. 

Matched  watch  glasses  which  arc  held  together  by  a  suitable 
clamp  and  fit  sufficiently  tight  to  prevent  loss  of  moisture  during 
weighing. 

An  analytical  balance  sensitive  to  0.001  gram. 

3.  Sample. — A  sample  weighing  about  15  grams  is 
taken  from  the  thoroughly  mixed  portion  of  the  ma- 
terial passing  the  No.  40  sieve. 


\ 


Figure  8.- 


-Crumbled    Soil   Threads    Resulting    from 
Plastic  Limit  Test 


4.  Procedure. — The  air-dried  soil  is  placed  in  the 
evaporating  dish  and  mixed  with  water  until  the  mass 
becomes  plastic  enough  to  be  easily  shaped  into  a  ball. 
The  ball  of  soil  is  then  rolled  between  the  palm  of  the 
hand  and  the  glass  plate  or  piece  of  glazed  paper  with 
just  sufficient  pressure  to  form  the  soil  mass  into  a 
thread.  (Fig.  7.)  When  the  diameter  of  the  resulting 
thread  becomes  one-eighth  of  an  inch  the  soil  is  kneaded 
together  and  again  rolled  out.  This  process  is  contin- 
ued until  the  crumbling  of  the  soil  (as  shown  in  fig.  8) 
prevents  the  formation  of  the  thread.    The  portions  of 
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the  crumbled  soil  are  then  gathered  together  and  placed 
in  watch  glasses.  The  watch  glasses  and  soil  are 
weighed  and  the  weight  recorded  as  the  weight  of  glass 
and  wet  soil  (32.20  grams,  Table  6).  The  soil  in  the 
glasses  is  then  oven-dried  to  constant  weight  at  a 
temperature  of  110°  C.  and  weighed.  This  weight  is 
recorded  as  the  weight  of  glass  and  dry  soil  (28.59 
grams,  Table  6).  The  loss  in  weight  (32.20  grams  — 
28.59  grains  =  3.61  grams,  Table  6)  is  recorded  as  the 
weight  of  water. 

5.  Calculations. — The  plastic  limit  is  expressed  as  the 
moisture  content  in  percentage  of  the  weight  of  the 
oven-dry  soil.  It  is  computed  from  the  following 
formula : 

p.i.=  weif/'f,wateriXioo 

weight  oi  dry  sou 

Thus  in  Table  6  the  plastic  limit  of  sample  S  5,214 
equals 

wh  X  10° =22-°  Per  cent 

DETERMINATION  OF  PLASTICITY  INDEX 

1.  Definition. — The  plasticity  index  of  a  soil  is  the 
difference  between  its  liquid  limit  and  its  plastic  limit. 

2.  Calculation. — The  plasticity  index  is  calculated  bv 
the  formula  P.  I.  =  L.  L.-P.  L. 

Thus  in  Table  6  the  plasticity  index  of  sample  S  5,214 
equals  62.0-22.0  =  40.0  per  cent. 

DETERMINATION  OF  CENTRIFUGE  MOISTURE  EQUIVALENT 

1.  Definition. — The  centrifuge  moisture  equivalent 
of  a  soil  is  the  amount  of  moisture,  expressed  as  a 
percentage  of  the  weight  of  the  oven-dried  soil,  re- 
tained by  a  soil  which  has  been  first  saturated  with 
water  and  then  subjected  to  a  force  equal  to  one 
thousand  times  the  force  of  gravity  for  one  hour. 

2.  Apparatus. — The  apparatus  consists  of  the  follow- 
ing: 

A  porcelain  Gooch  crucible  with  perforated  bottom.  The 
crucible  is  about  lj^  inches  in  height  and  about  1  inch  in  diameter 
at  the  top  and  three-fourths  of  an  inch  at  the  bottom,  outside 
dimensions. 

A  circular  piece  of  filter  paper  just  large  enough  to  cover  the 
inside  bottom  of  the  Gooch  crucible. 

A  Babcock  trunnion  cup  fitted  with  a  brass  cap  and  with  a 
rubber  stopper  with  a  hole  in  the  center,  as  shown  in  Figure  9. 

A  centrifuge  of  such  size  and  so  driven  that  a  force  equal  to 
one  thousand  times  the  force  of  gravity  may  be  exerted  on  the 
center  of  gravity  of  the  soil  sample. 

An  analytical  balance  sensitive  to  0.001  gram. 

3.  Sample. — A  5-gram  sample  is  taken  from  the 
thoroughly  mixed  portion  of  the  material  passing  the 
No.  40  sieve. 

4.  Number  of  tests. — Tests  are  made  in  duplicate. 
Table  7  shows  the  record  for  the  two  tests  of  sample 
S  5,214. 

5.  Procedure. — The  sample  is  placed  in  the  Gooch 
crucible,  in  which  has  previously  been  placed  a  piece 
of  wet  filter  paper  which  just  covers  the  bottom  of  the 
crucible.  The  crucible  is  placed  in  a  pan  of  water  and 
the  sample  allowed  to  take  up  moisture  until  com- 
pletely saturated,  as  indicated  by  the  presence  of  free 
water  on  the  surface  of  the  sample.  It  is  then  placed 
in  a  hdmidifier  for  at  least  12  hours  to  insure  uniform 
distribution  of  moisture  throughout  the  soil  mass.  All 
free  water  then  remaining  on  the  surface  of  the  sample 
is  poured  off,  and  the  crucible  is  placed  in  a  Babcock 
cup  fitted  with  a  rubber  stopper,  as  shown  in  Figure 


MOUNTING  OF 
MOISTURE 

EQUIVALENT 
APPARATUS 


centrifuge  head 

Figure  9. — Apparatus  for  Determining  the  Centrifuge 
Moisture  Equivalent 

10.  The  hole  in  the  stopper  should  be  large  enough  to 
receive  the  water  forced  from  the  soil  by  the  centrif uging 
operation.  In  addition  to  receiving  the  ejected  water 
the  stopper  serves  also  as  a  cushion  for  the  crucible. 
The  sample  is  centrifuged  for  a  period  of  one  hour  at  a 
speed  which,  for  the  diameter  of  head  used,  will  exert  a 
centrifugal  force  one  thousand  times  the  force  of 
gravity  upon  the  center  of  gravity  of  the  soil  sample. 
Immediately  after  centrifuging,  the  crucible  and  con- 
tents are  weighed  and  the  weight  recorded  as  the  weight 
of  crucible  and  contents  after  centrifuging  (15.74  grams, 
Table  7).  The  sample  is  then  oven-dried  to  constant 
weight  at  a  temperature  of  110°  C.  and  weighed.  This 
weight  is  recorded  as  the  weight  of  crucible  and  con- 
tents after  drying  (12.82  grams,  Table  7). 

6.  Water-logging. — When  free  water  is  observed  on 
the  top  of  the  sample  after  the  centrifuging  operation 
the  soil  is  said  to  have  water-logged.  This  water  is 
not  removed,  but  is  weighed  with  the  sample. 

7.  Calculation. — The  centrifuge  moisture  equivalent 
of  the  soil  is  calculated  from  the  formula, 

ttM.2g.-(A76)7ffi7*l)xioo 

Ai-(c+bi) 
in  which 

A  =  weight  of  crucible   and  contents  after  centri- 
fuging. 

Ax  =  weight  of  crucible  and  contents  after  drying. 

c    =  weight  of  crucible. 

b    =  weight  of  filter  paper  wet. 

6,   =  weight  of  filter  paper  dr}T. 

Thus  in  Table  7  the  centrifuge  moisture  equivalent 
of  sample  S  5,214,  as  given  by  the  first  test,  is  obtained 
by  the  computation, 


c  M  E      (15.74-0.20)- (12.82-0.10) 


2.82 
:4.86 


12.82-  (7.86  +  0.10) 
X  100  =  58.0  per  cent. 


X100 


8.  Variation. — The  variation  between  the  two  values 
obtained  should  not  exceed  1  per  cent  for  values  of  the 
moisture  equivalent  up  to  15  and  2  per  cent  for  values 
above  15. 
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Table  7. — Determination  of  centrifuge  moisture  equivalent  for 
sample  S  5,214 


Weight  i  of- 

Test  No. 

Crucible 
and  con- 
tents after 
centri- 
fuging 

Crucible 
and  con- 
tents after 
drying 

Crucible 

Centri- 
fuge 
moisture 

equiva- 
lent 

1 _ 

Grams 
15.74 
16.03 

Grams 
12.82 
13.00 

Gru  ms 
7.86 
8.02 

Per  cent 
2  58.0 

2 

Average 

59  0 

i  Weight  of  filter  paper:  Wet,  6=0.20  gram;  dry,  6i=0.10  gram. 
1  Water-logged. 

DETERMINATION  OF  FIELD  MOISTURE  EQUIVALENT 

1.  Definition. — The  field  moisture  equivalent  of  a 
soil  is  defined  as  the  minimum  moisture  content, 
expressed  as  a  percentage  of  the  weight  of  the  oven- 
dried  soil,  at  which  a  drop  of  water  placed  on  a  smoothed 
surface  of  the  soil  will  not  immediately  be  absorbed  by 
the  soil  but  will  spread  out  over  the  surface  and  give 
it  a  shiny  appearance. 

2.  Apparatus. — The  apparatus  consists  of  the  follow- 
ing: 

A  porcelain  evaporating  dish  about  4>£  inches  in  diameter. 

A  flexible  spatula  having  a  blade  about  3  inches  long  and 
about  three-fourths  inch  wide. 

A  pipette,  burette,  or  similar  device  for  adding  water  drop- 
wise. 

Matched  watch  glasses,  held  together  by  a  suitable  clamp  and 
fitting  sufficiently  tight  to  prevent  loss  of  moisture  during 
weighing. 

An  analytical  balance  sensitive  to  0.001  gram. 

3.  Sample. — A  sample  weighing  about  50  grams  is 
taken  from  the  thoroughly  mixed  portion  of  the  mate- 
rial passing  the  No.  40  sieve. 

4.  Procedure. — The  air-dried  sample  is  placed  in  the 
evaporating  dish  and  mixed  with  water.  Water  is 
added  in  small  amounts  and  the  sample  is  thoroughly 
mixed  after  each  addition  of  water.  When  the  wetted 
soil  forms  into  balls  under  manipulation  the  sample  is 
smoothed  off  with  a  light  stroke  of  the  spatula  and  a 
drop  of  water  is  placed  on  the  smoothed  surface.  If 
the  water  immediately  disappears  a  few  more  drops  of 
water  are  added,  and  the  procedure  is  repeated  until 
the  water  does  not  immediately  disappear  but  spreads 
over  the  smoothed  surface  and  leaves  a  shiny  appear- 
ance. A  small  portion  of  the  soil  on  which  the  last 
drop  was  placed  is  then  removed  and  placed  between 
two  watch  glasses.  The  weight  of  the  watch  glasses 
and  wet  soil  is  determined  and  recorded  (32.08  grams, 
Table  8).  The  sample  is  then  oven-dried  to  constant 
weight  at  a  temperature  of  110°  C.  and  weighed. 
This  weight  is  recorded  as  the  weight  of  glass  and  dry 
soil  (26.29  grams,  Table  8).  The  difference  in  weight 
(32.08  grams -26.29  grams  =  5.79  grams,  Table  8)  is 
recorded  as  the  weight  of  water. 

5.  Calculations. — The  results  obtained  in  the  deter- 
mination of  the  field  moisture  equivalent  of  sample 
S  5,214  are  given  in  Table  8.  The  field  moisture 
equivalent  is  computed  by  means  of  the  formula 


F.  M.  E. 


weight  of  water 
weight  of  oven-dried  soil 


X100 


Thus  in  Table  8   the  field   moisture  equivalent  of 
sample  S  5,214  equals 

5  79 

ri~X  100  =41.0  percent. 

14.12 

76692—31 2 


Table  8. — Determination  of  field  moisture  equivalent  of  sample 

S  5,214 

Weight  of  glass  and  wet  soil,  grams 32.  08 

Weight  of  glass  and  dry  soil,  grams .   26.29 

Weight  of  glass,  grams \2.  17 

Weight  of  water,  grams 5.  79 

Weight  of  dry  soil,  grams 111.' 

Field  moisture  equivalent,  per  cent 41.  0 

SHRINKAGE  DETERMINATION 

1.  Scope. — This  procedure  furnishes  the  data  from 
which  the  following  subgrade  soil  constants  may  be 
computed:  (a)  Shrinkage  limit,  (6)  shrinkage  ratio, 
(c)  volumetric  change,  (d)  lineal  shrinkage,  and  (e) 
specific  gravity  (approximate).  Shrinkage  determina- 
tions made  on  sample  S  5,214  are  recorded  in  Table  9. 

2.  Apparatus. — The  apparatus  consists  of  the  follow- 
ing: 

A  porcelain  evaporating  dish  about  4J>2  inches  in  diameter. 

A  flexible  spatula  having  a  blade  about  3  inches  long  and 
about  three-fourths  inch  wide. 

A  circular  porcelain  milk  dish  having  a  flat  bottom  and  being 
about  1%  inches  in  diameter  by  about  one-half  inch  high. 

A  steel  straightedge  about  12  inches  long. 

A  glass  cup  about  2  inches  in  diameter  and  about  1  inch  high, 
the  top  rim  of  which  is  ground  smooth  and  level. 

A  glass  plate  with  three  metal  prongs  for  immersing  the  soil 
pat  in  mercury,  as  shown  in  Figure  10. 

A  glass  graduate  having  a  capacity  of  25  cubic  centimeters 
and  graduated  to  0.2  cubic  centimeter. 

An  analytical  balance  sensitive  to  0.001  gram. 

Sufficient  mercury  to  fill  the  glass  cup  to  overflowing. 

3.  Sample. — A  sample  weighing  about  30  grams  is 
taken  from  the  thoroughly  mixed  portion  of  the  ma- 
terial passing  the  No.  40  sieve. 

4.  Procedure. — The  sample  is  placed  in  the  evaporat- 
ing dish  and  thoroughly  mixed  with  water  in  amount 
sufficient  to  fill  the  soil  voids  completely  and  to  make 
the  soil  pasty  enough  to  be  readily  worked  into  the 
porcelain  milk  dish  without  the  inclusion  of  air  bubbles. 
The  amount  of  water  required  to  furnish  friable  soils 
with  the  desired  consistency  is  equal  to  or  slightly 
greater  than  the  liquid  limit,  and  the  amount  necessary 
to  furnish  plastic  soils  with  the  desired  consistency 
may  exceed  the  liquid  limit  by  as  much  as  10  per  cent. 
The  inside  of  the  porcelain  milk  dish  is  coated  with  a 
thin  layer  of  vaseline  or  some  other  heavy  grease  to 
prevent  the  adhesion  of  the  soil  to  the  dish. 

An  amount  of  the  wetted  soil  equal  to  about  one- 
third  the  volume  of  the  milk  dish  is  placed  in  the  center 
of  the  dish,  and  the  soil  is  caused  to  flow  to  the  edges 
by  tapping  the  dish  on  a  firm  surface  cushioned  by 
several  layers  of  blotting  paper  or  similar  material.  An 
amount  of  soil  is  added  approximately  equal  to  the  first 
portion,  and  the  dish  is  tapped  until  the  soil  is  thor- 
oughly compacted  and  all  included  air  is  brought  to 
the  surface.  More  soil  is  added  and  the  tapping  is 
continued  until  the  dish  is  completely  filled  and  excess 
soil  stands  out  about  its  edge.  The  excess  soil  is  then 
struck  off  with  a  straightedge,  and  all  soil  adhering  to 
the  outside  of  the  dish  is  wiped  off. 

The  dish  when  filled  and  struck  off  is  weighed  im- 
mediately and  the  weight  recorded  as  the  weight  of 
dish  and  wet  soil  (29.34  grams,  Table  9).  The  soil 
pat  is  allowed  to  dry  in  air  until  the  color  of  the  pat 
turns  from  dark  to  light.  It  is  then  oven-dried  to 
constant  weight  at  110°  C.  and  the  weight  recorded  as 
the  weight  of  dish  and  dry  soil  (22.61  grams,  Table 
9).  The  weight  of  the  empty  dish  (11.52  grams, 
Table  9)  is  determined  and  recorded.  The  capacity 
of  the  dish  in   cubic  centimeters,   which  is   also   the 
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METHOD  OF  OBTAINING    DISPLACED    MERCURY. 
-Apparatus  for  Determining  the  Volumetric  Change 


volume  of  the  wet  soil  pat,  is  determined  by  filling  the 
dish  to  overflowing  with  mercury,  removing  the  excess 
by  pressing  a  glass  plate  firmly  over  the  top  of  the  dish, 
and  measuring  the  volume  of  mercury  held  in  the  dish 
in  the  glass  graduate.  This  volume  is  recorded  as 
the  volume  of  the  wet  soil  pat,  V  (10.99  cubic  centi- 
meters, Table  9). 

The  volume  of  the  dry  soil  pat  is  determined  by 
removing  the  pat  from  the  porcelain  milk  dish  and 
immersing  it  in  the  glass  cup  full  of  mercury  in  the 
following  manner:  The  glass  cup  is  filled  to  overflow- 
ing with  mercury  and  the  excess  mercury  is  removed 
by  pressing  the  glass  plate  with  the  three  prongs 
dig.  10)  firmly  over  the  top  of  the  cup.  Any  mercury 
which  may  be  .adhering  to  the  outside  of  the  cup  is 
carefully  wiped  off.  The  cup,  filled  with  mercury,  is 
placed  in  the  evaporating  dish,  and  the  soil  pat  is 
placed  on  the  surface  of  the  mercury.  It  is  then 
carefully  forced  under  the  mercury  by  means  of  the 
glass  plate  with  the  three  prongs  (fig.  10)  and  the  plate 
is  pressed  firmly  over  the  top  of  the  cup.  It  is  es- 
sential that  no  air  be  trapped  under  the  soil  pat. 
The  volume  of  the  mercury  so  displaced  is  measured 
in  the  glass  graduate  and  recorded  as  the  volume  of 
the  dry  soil  pat,  V0   (5.60  cubic  centimeters,  Table  9). 

5.  Computations. — The  weight  of  the  milk  dish  is 
subtracted  from  the  weight  of  dish  and  wet  pat  to 
give  the  weight  of  the  wet  soil  pat,  W.  The  weight 
of  the  milk  dish  subtracted  from  the  weight  of  dish 
and  dry  pat  gives  the  weight  of  the  dry  soil  pat,  W0 
The  moisture  content  w  of  the  soil  at  the  time  it  was 
put  in  the  dish,  expressed  as  a  percentage  of  the  dry 
weight  of  the  soil,  is  computed  from  the  formula 


CALCULATION  OF  SHRINKAGE  LIMIT 

1.  Definition. — The  shrinkage  limit  of  a  soil  is  that 
moisture  content,  expressed  as  a  percentage  of  the 
weight  of  the  oven-dried  soil,  at  which  a  reduction  in 
moisture  content  will  not  cause  a  decrease  in  the  volume 
of  the  soil  mass,  but  at  which  an  increase  in  moisture 
content  will  cause  an  increase  in  the  volume  of  the  soil 
mass. 

2.  Computations. — The  shrinkage  limit,  #,is  calculated 
from  the  data  obtained  in  the  volumetric  shrinkage 
determination  by  the  following  formula : 3 

(  -  ,7,—  X 


r^») 


Thus  in  Table  9  the  shrinkage  limit  of  sample  S  5,214 

equals 

eA_     /10.99-5.60^1AA\     101 

60.7-(        ..  -X  100]=  12.1  per  cent 

3.  Optional  method. — When  both  the  true  specific 
gravity,  G,  and  the  shrinkage  ratio,  R,  are  known,  .the 
shrinkage  limit  may  be  calculated  from  the  formula:3 


S 


\B    GJ 


xioo 


w- 


Thus  in  Table  9 


W-W0 
W0 


xioo 


1F  =  29.34-  11.52  =  17.82  gr 


mils, 


IF0  =  22.61-  11.52  =  11.09  grams, 
and 

17.82-11.09     1A„      __„ 
w  =  -  X100  =  60.7  per  cent. 


Thus  in  Table  9,  if  G  and  R  were  known  first,  the 
shrinkage  limit  of  sample  S  5,214  could  be  computed  as 
follows: 

*s=(rl8"2i)u)xl00  =  12-1  Percent 

CALCULATION  OF  SHRINKAGE  RATIO 

1.  Definition. — The  shrinkage  ratio  of  a  soil  is  the 
ratio  between  a  given  volume  change,  expressed  as  a 
percentage  of  the  dry  volume,  and  the  corresponding 
change  in  moisture  content  above  the  shrinkage  limit, 
expressed  as  a  percentage  of  the  weight  of  the  oven- 
dried  soil.  It  equals  the  apparent  specific  gravity  of 
the  dried  soil  pat. 

3  See  Public  Roads,  July,  1931,  p.  125. 
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2.  Computations. — The  shrinkage  ratio,  R,  is  calcu- 
lated from  the  data  obtained  in  the  volumetric  shrink- 
age determination  by  the  following  formula: 3 


R  = 


Wo 

V0 


Thus  in  Table  9  the  shrinkage  ratio  of  sample  S  5,214 
equals 

^  =  198 
5.60         J5 

CALCULATION  OF  VOLUMETRIC  CHANGE 

1.  Definition. — The  volumetric  change  of  a  soil  for  a 
given  moisture  content  is  the  volume  change,  expressed 
as  a  percentage  of  the  dry  volume,  suffered  by  the  soil 
mass  when  the  moisture  content  is  reduced  from  the 
stipulated  percentage  to  the  shrinkage  limit.  This 
stipulated  moisture  content  is  usually  taken  as  the 
field  moisture  equivalent. 

2.  Computation. — The  volumetric  change,  V.  C,  is 
calculated  from  the  data  obtained  in  the  volumetric 
shrinkage  determination  by  the  following  formula: 

V.  C.  =  (wx-S)R 

where  W\  is  the  given  moisture  content. 

If,  as  is  customary,  the  volumetric  change  from  the 
field  moisture  equivalent  is  desired,  the  formula  assumes 
the  form, 

C{  =  volumetric  change  from  field  moisture  equivalent4 
=  (F.  M.  E.  -  S)  R. 

Thus  in  Table  9  the  volumetric  change  of  sample 
S  5,214,  when  mixed  with  an  amount  of  water  equal  to 
the  field  moisture  equivalent  (see  Table  8)  equals 
(41.0  -  12.1)  X  1.98  =  57.2  per  cent. 

CALCULATION  OF  LINEAL  SHRINKAGE 

1.  Definition. — The  lineal  shrinkage  of  a  soil  for  a 
given  moisture  content  is  the  decrease  in  one  dimension, 
expressed  as  a  percentage  of  the  original  dimension, 
suffered  by  the  soil  mass  when  the  moisture  content 
is  reduced  from  an  amount  equal  to  the  field  moisture 
equivalent  to  the  shrinkage  limit. 

2.  Computation. — The  lineal  shrinkage,  L.  S.,  is 
obtained  either  by  means  of  the  formula4 


Table  9. —  Volumetric  shrinkage  determination  for  sample  S  5,214 

Weight  of  dish  and  wet  soil,  grams 29.  34 

Weight  of  dish  and  dry  soil,  grams 22.  (11 

Weight  of  dish,  grams 11.  52 

W,  weight  of  wet  soil  pat,  grains 17.  82 

W0,  weight  of  dry  soil  pal.  grams 11.  lift 

w,  moisture  content  of  wet  soil  pat,  per  cent GO.  7 

V,  volume  of  dish,  volume  of  wet  soil  pat,  cubic  centi- 
meters   10.  99 

Vr0,  volume  of  dry  soil  pat,  cubic  centimeters 5.  60 

S,  shrinkage  limit,  per  cent 12.  1 

R,  shrinkage  ratio 1.  98 

Cf,    volumetric    change   from    field    moisture    equivalent, 

per  cent 57.  2 

L.  S.,  lineal  shrinkage,  per  cent 14.  0 

G,  specific  gravity  (approximate) 2.  60 


L.  S.  =  100 


/  3/      100      \ 

\      \cf+ ioo) 


or  by  means  of  the  curve  shown  in  Figure  1 1 ,  which  repre- 
sents this  relation.     Thus  in  Table  9  the  lineal  shrinkage 
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Figure    11. — Relation    Between    Volumetric   Change    and 
Lineal  Shrinkage 

of  sample  S  5,214,  as  obtained   from  the   formula,  is 
14.0  per  cent. 

APPROXIMATE  CALCULATION  OF  SPECIFIC  GRAVITY 

1.  Definition. — The  specific  gravity  of  a  soil  is  the 
weight  of  the  oven-dried  soil  divided  by  the  true  volume 
of  the  soil  particles. 

2.  Computations. — The  specific  gravity,  G,  is  calcu- 
lated from  the  data  obtained  in  the  volumetric  shrinkage 
test  by  the  following  formula  : 4 


G- 


1 


1 
R 


S_ 

100 


Thus  in  Table  9  the  approximate  specific  gravity  of 
sample  S  5,214  is  obtained  by  the  computation 


G= 


1 
1.98 


12.1 
100 


0.384 


2.60 


»  See  Public  Roads,  July,  1931,  p.  125. 


<  See  Public  Roads,  July,  1931,  pp.  130  and  131. 


GRAPHICAL  SOLUTION  OF  THE  DATA  FURNISHED  BY 
THE  HYDROMETER  METHOD  OF  ANALYSIS 

Reported  by  E.  A.  WILLIS,  Assistant  Highway  Engineer,  F.  A.  ROBESON,  Junior  Highway  Engineer,  and  C.  M.  JOHNSTON,  Junior  Civil  Engineer,  United 

States  Bureau  of  Public  Roads 


THE  HYDROMETER  method  of  mechanical 
analysis  described  previously  in  this  issue  of 
Public  Roads  includes  the  following  two  sepa- 
rate operations:  (a)  The  determination  of  the  percent- 
age of  dispersed  soil  particles  remaining  in  suspension 
at  a  given  time,  as  indicated  by  particular  hydrometer 
readings,  and  (6)  the  determination  of  the  maximum 
size  of  soil  particles  in  suspension  corresponding  to  the 
percentages  represented  by  particular  hydrometer  read- 
ings. The  percentage  of  particles  in  suspension  is 
determined  by  the  hydrometer  reading  corrected  for 
the  conditions  under  which  the  test  is  performed. 
The  maximum  grain  size  at  the  time  of  any  particular 
hydrometer  reading  is  computed  by  means  of  Stokes's 
law.  The  method  of  obtaining  the  data  is  described 
in  the  preceding  article  (pp.  197  to  207  of  this  issue), 
Procedures  for  Testing  Soils  for  the  Determination  of. 
the  Subgrade  Soil  Constants. 

PERCENTAGE  DETERMINATION 

The  Bouyoucos  hydrometer,  like  any  other,  depends 
upon  the  density  of  the  suspending  medium  for  its 
buoyancy.  It  is  calibrated  in  grams  of  soil  per  liter 
of  suspension  for  assumed  conditions  of  temperature  of 
suspension  and  specific  gravity  of  soil  grains.  Conse- 
quently, the  actual  number  of  grams  per  liter  for  any 
particular  case  is  given  directly  by  the  hydrometer 
reading  only  if  the  conditions  are  identical  with  those 
for  which  the  hydrometer  was  calibrated.  For  any 
other  conditions  suitable  corrections  must  be  made. 
For  example,  the  hydrometer  referred  to  in  this  dis- 
cussion has  been  calibrated  for  a  suspension  temperature 
of  67°  F.  and  a  specific  gravity  of  soil  particles  of  2.65. 
For  temperatures  other  than  67°  F.  and  specific  grav- 
ities other  than  2.65,  the  weight  of  soil  remaining  in 
suspension,  in  grams  per  liter  of  suspension,  can  be 
obtained  by  adding  a  temperature  correction  to  the 
hydrometer  reading  and  multiplying  the  sum  by  a 
specific  gravity  correction.  The  weight  thus  obtained 
is  expressed  as  a  percentage  of  the  weight  of  soil 
originally  dispersed.  Both  weights  are  given  in  grams 
of  soil  per  liter  of  suspension,  but,  since  the  volume  of 
the  suspension  is  ordinarily  one  liter,  the  qualifying 
phrase,  "per  liter  of  suspension,"  is  omitted  for  con- 
venience in  the  discussion  which  follows. 

When  the  temperature  of  the  suspension,  the  specific 
gravity  of  the  soil  particles,  and  the  weight  of  soil 
originally  dispersed  are  known,  the  percentage  of  soil 
remaining  in  suspension  for  a  given  hydrometer  reading 
may  be  determined  graphically  by  the  use  of  a  chart 
laid  out  on  cross-section  paper,  as  illustrated  in  Figure 
1 .  On  this  chart  ordinates  denote  hydrometer  readings 
and  abscissas  denote  percentages  of  soil  in  suspension. 
Since  the  hydrometer  is  calibrated  to  give  a  correct 
reading  in  grams  per  liter  when  the  temperature  is 
67°  F.  and  the  specific  gravity  is  2.65,  these  values  are 
used  as  the  base,  or  standard,  to  which  the  graphical 
corrections  are  referred.  The  value  50  grams  was 
chosen  as  the  basic  value  for  the  weight  of  soil  originally 
dispersed.  The  relation  between  hydrometer  reading 
and  percentage  of  soil  in  suspension  established  by 
these  three  standard  values  is  shown  as  a  broken  line 
in  Figure  1 . 
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The  equation  relating  the  hydrometer  reading  to  the 
percentage  of  soil  in  suspension  may  be  expressed  as 
follows : 
Let 

R  =  hydrometer  reading. 

W  =  weight  of  soil  originally  dispersed  per  liter  of 

suspension. 
w  =  weight  of  soil  in  suspension  per  liter  of  sus- 
pension. 
AR  =  correction  to  hydrometer  reading  for  varia- 
tion in  temperature  from  67°  F. 
a ■  =  correction  coefficient  for  variation  in  specific 
gravity  from  2.65. 
2.6500-0.9984  G  .  „  .     iU 

2.6500         X  (7-0.9984/  where   G  1S  the 
specific  gravity  of  the  soil.1 
P  =  percentage   of   originally   dispersed   soil   re- 
maining in  suspension. 
For  the  standard  values  of  temperature  and  specific 
gravity  (67°  F.  and  2.65), 

w  =  R 
For  other  values, 

w=(R  +  AR)a 
The  percentage  of  soil  in  suspension  is  given  by  the 
equation 

P-  <*+£K>?xioo..  ..(1) 

This  equation  may  be  written 

P=(R  +  AR)X^X100 (1) 

For  the  basic  or  standard  conditions  we  have 
AR  =  0,  a  =  l,  W=50, 
so  that  the  basic  relation  is  given  by  the  equation 
^     R 


50 


X100  =  27? 


The  manner  in  which  the  chart  is  constructed  and 
the  method  of  applying  the  various  corrections  are 
explained  in  the  following  paragraphs. 

Temperature  correction. — In  Table  1  are  given  the 
values  of  the  correction,  AR,  for  variations  in  tempera- 
ture from  67°  F.,  obtained  experimentally  for  the 
hydrometer  used  as  an  example  in  this  discussion. 
If  in  equation  (1)  we  put  P  =  0  we  have 
R=-AR 

It  follows,  therefore,  that  if  the  line  represented  by 
equation  (1)  should  be  plotted  on  the  chart  (fig.  1)  its 
intercept  on  the  axis  of  ordinates  would  be  the  point  0, 
—  AR.  In  the  lower  left-hand  corner  of  Figure  1  values 
of  AR  taken  from  Table  1  are  laid  off  as  ordinates 
corresponding  to  values  of  the  temperature  from  60° 
to  90°  F.  A  zero  ordinate  corresponds  to  a  tempera- 
ture of  67°  F.  and  positive  values  of  AR  are  plotted 
downward.  By  means  of  this  scale  the  intercept,  —  AR, 
for  any  given  temperature  of  suspension,  is  readily 
obtained. 

It  will  be  noted  in  equation  (1)  that  the  slope  of  the 

line  is  given  by  the  expression  tt>X  100.    It  is  evident 

1  See  preceding  article,  Procedures  for  Testing  Soils  for  the  Determination  of  the 
Subgrade  Soil  Constants,  p.  200  of  this  issue. 
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Figure   1. — Chart  for  Converting  Hydrometer  Readings  to  Percentages  of  Originally   Dispersed  Soil  Remaining 

in  Suspension 


Table   1. —  Temperature  corrections  to  be  added  to  the  hydrometer 

readings 


Suspen- 
sion tem- 
perature 

Correction, 
A.R 

Degrees  F. 
60 
65 
67 
70 
75 
80 
85 
90 

Gra  ms  per 
liter 
-0.8 
-0.3 
0.0 
+0.4 
+  1.2 
+2.2 
+3.2 
+4.3 

50  50 

Table  2.- — Values  of  specific  gravity  constant,  a,  — ,  and  —  —  50 

for  different  values  of  the  specific  gravity 


that  variations  in  the  relation  between  P  and  R  caused 
by  variations  in  the  specific  gravity  and  the  weight  of 
soil  dispersed  are  cared  for  by  changes  in  the  slope  of 
the  line. 

Correction  for  specific  gravity. — Assuming  the  basic 
values,  AjB  =  0,  W  =  50,  we  have,  from  equation  (1) 

P  =  ^XlOO  =  2i?a 
oO 

Setting  P  =  100,  we  have 

R  =  - (2) 

a 

Equation    (2)   gives    the   value   of   the   hydrometer 

reading  at  100  per  cent  suspension  for  any  given  value 

of  specific  gravity  as  indicated  by  the  value  of  a.     In 

50 
Table  2  are  given  values  of  the  quantity   -  and  also  of 

50 
the  quantity   '-—50,   the  correction   which   must  be 

added  to  or  subtracted  from  the  basic  value  50  to 

obtain  the  correct  reading  for  100  per  cent  suspension. 

In  the  upper  right-hand  corner  of  Figure  1,  values  of 

50 
the  quantity  R  =  —  are  laid  off  as  ordinates  correspond- 


Specific 

Hydrom- 

gravity 

Specific 

50 

eter  cor- 

of  soil 

gravity 

rection  for 

particles, 

constant,  a 

reading 

G 

of  50 

Grams 

Gra  ms  per 

per  liter 

liter 

2.25 

1.  1204 

44.6 

-5.4 

2.35 

1.  0831', 

46.  1 

-3.9 

2.45 

1.0519 

47.5 

-2.5 

2.*  55 

1.  0243 

48.8 

-1.2 

2.65 

1.  0000 

50.0 

0.0 

2.75 

0.  9785 

51.1 

+  1.1 

2.85 

0.  9593 

52.1 

+  2.1 

2.95 

0.  9421 

53.1 

+3.1 

3.25 

0.  8990 

55.  6 

+5.6 

3.50 

0.  8720 

57.3 

+  7.3 

3.75 

0.  8494 

58-9 

+8.  9 

4.00 

0.  830G 

60.  2 

+  10.2 

4.50 

0.  S009 

62  1 

+  12.4 

5.00 

0.  7787 

64  2 

+  14.2 

ing  to  values  of  the  specific  gravity  from  2.25  to  5.00. 
Thus,  for  a  specific  gravity  of  2.65  the  ordinate  is  50; 
for  a  value  of  5.00  the  ordinate  is  64.2,  etc.  When  the 
weight  of  soil  dispersed  is  50  grams  the  slope  of  the  line 
represented  by  equation  (1)  is  obtained  by  drawing  a 
line  through  the  origin  intersecting  the  abscissa  P  =  100 
at  the  value  of  R  corresponding  to  the  given  specific 
gravity. 

Correction  for  weight  of  soil  dispersed. — Assuming  the 
basic  values,  temperature  =  67°  F.  and  specific  gravity 
of  soil  =  2.65;  i.  e.,  AR  =  0,  a  =  1,  we  have,  in  equation  (1) 

P=~X100 

W 

Setting  P  =  50,  we  have 

p_  5,000  (3) 

Equation  (3)  gives  the  percentage  of  soil  in  suspen- 
sion for  a  hydrometer  reading  of  50  and  a  weight  of  dis- 
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persed  soil,  W.     Values  of  the  quantity    'w    are  given 

in  Table  3  for  values  of  W  between  40  and  55  grams 
and  between  90  and  105  grams.  The  lower  interval  is 
for  use  in  the  hydrometer  analysis  of  silt  and  clay  soils, 
the  higher  interval  for  use  in  the  case  of  sandy  soils. 

Values  of  the  quantity  ~W~  are  plotted  as  abscissas,  in 

the  upper  right-hand  portion  of  Figure  1 ,  for  indicated 
values  of  the  weight  of  soil  dispersed,  W.  Thus,  as  in 
Table  3,  50  grams  of  soil  dispersed  corresponds  with 
100  per  cent  of  soil  in  suspension,  100  grams  corresponds 
with  50  per  cent,  etc.  When  the  specific  gravity  of  the 
soil  is  2.65,  the  slope  of  the  line  represented  by  equation 
(1)  is  obtained  by  drawing  a  fine  through  the  origin 
intersecting  the  ordinate  22=50  at  the  value  of  P  corre- 
sponding to  the  given  value  of  W. 

Table  3. —  Values  of  the  quantity    — W~>  giving  the  percentage  of 

■particles  in  suspension  indicated  by  a  hydrometer  reading  of  50 
for  different  weights  of  dry  soil  originally  dispersed.  (Specific 
gravity  =  2. 65;  temperature  of  suspension  =  67°  F.) 


Weight  of 

Percentage 

Wi  inht  of 

Percentage 

dry  soil 

in  suspen- 

dry soil 

in  suspen- 

dispersed, 

sion,  P,  for 

dispersed, 

sion,  P,  for 

W,  per 

hydrometer 

W,  per 

hydrometer 

liter  of 

reading 

liter  of 

reading 

suspension 

of  50 

suspension 

of  50 

Grams 

Grams 

40.0 

125.0 

90.0 

55.6 

41.0 

122.0 

91.0 

54.9 

42.0 

119.1 

92.0 

64.3 

43.0 

116.3 

93.0 

53.8 

44.0 

113.7 

94.0 

53.2 

45.0 

111.1 

95.0 

52.6 

46.0 

108.7 

96.0 

52.1 

47.0 

106.  4 

97.0 

51.5 

48.0 

104.2 

98.0 

51.0 

49.0 

102.0 

99.0 

50.5 

50.0 

100.0 

100.0 

50.0 

51.0 

98.0 

101.0 

49.5 

52.0 

96.2 

102.0 

49.0 

53.0 

94.3 

103.0 

48.5 

54.0 

92.6 

104  0 

48.1 

55.0 

90.9 

105.0 

47.6 

For  given  values  of  temperature  of  suspension,  spe- 
cific gravity  of  soil,  and  weight  of  soil  originally  dis- 
persed per  liter  of  suspension,  the  line  represented  by 
equation  (1),  giving  the  relation  between  hydrometer 
reading  and  percentage  of  soil  in  suspension,  is  laid  out 
on  the  chart  of  Figure  1  by  the  following  process: 

1.  A  straightedge  is  placed  on  the  chart  so  as  to 
intersect  the  origin  and  a  point  whose  abscissa  corre- 
sponds with  the  given  weight  of  soil  dispersed  and  whose 
ordinate  corresponds  with  the  given  specific  gravity,  as 
indicated  by  the  scales  shown  in  the  upper  right-hand 
corner  of  Figure  1. 

2.  The  straightedge  is  then  moved  parallel  to  its 
original  position  until  it  intersects  the  axis  of  ordinates 
at  a  point  corresponding  to  the  given  temperature  of 
suspension,  as  indicated  by  the  temperature  scale  in 
the  lower  left-hand  corner  of  Figure  1.  A  line  is  then 
drawn  which  represents  the  required  relation  between 
P  and  R. 

To  illustrate  this  operation,  let  us  assume  that  46.0 
grams  of  soil  having  a  specific  gravity  of  2.85  were 
dispersed  and  that  the  temperature  of  the  suspension 
remained  constant  at  75°  F.  Line  1  in  Figure  1,  inter- 
secting the  origin  and  a  point  whose  coordinates  corre- 
spond with  46.0  grams  of  soil  dispersed  and  a  specific 
gravity  of  2.85,  represents  the  first  position  of  the 
straightedge.  Line  2,  which  intersects  the  axis  of 
ordinates  at  a  point  corresponding  to  75°  F.,  gives  the 
desired  relation  between  P  and  R. 


Values  given  by  line  2  may  be  checked  by  computa- 
tions based  on  equation  (1).  From  Tables  1  and  2  we 
obtain  the  values,  A22  =  +1.2  and  a  =  0.9593. 

Substituting  in  equation  (1),  we  have 


P=  (22  +  1.2) 


0.9593 
46.0 


X100 


(22  +  1.2)  2.086 


If   P  =  0,    22= -1.2.     If   22  =  32.0,    P  =  69.3     These 
values  will  be  found  to  check  with  those  given  by  line  2. 


DETERMINATION  OF  GRAIN  SIZE 


The  second  distinct  operation  in  the  graphical  solu- 
tion of  the  data  furnished  by  the  hydrometer  analysis 
consists  of  determining  the  maximum  grain  size  in 
suspension  at  any  given  time  from  Stokes's  law,  which 
is  expressed  by  the  formula 


d 


=v; 


(4) 


_30nL 

980  (G-Oi)  T 

Where 

d  =  maximum  grain  diameter  in  millimeters. 
n  =  coefficient  of  viscosity  of  the  suspending 

medium,  in  poises. 
Z  =  distance  in  centimeters  through  which  soil 

particles  settle. 
jT=time  in  minutes,  period  of  sedimentation. 
6r  =  specific  gravity  of  soil  particles. 
6?i=  specific  gravity  of  the  suspending  medium. 

In  order  that  Stokes's  law  may  serve  to  disclose  the 
diameter  of  the  soil  particles  it  is  necessary  to  know  the 
distance  through  which  these  particles  fall  in  a  given 
time.  As  has  been  explained  previously  in  the  report, 
Procedures  for  Testing  Soils  for  the  Determination  of 
the  Subgrade  Soil  Constants,  the  distance,  L,  through 
which  the  soil  particles  are  assumed  to  settle,  in  the 
determination  of  the  grain  size  by  means  of  the  Bou- 
youcos  hydrometer,  equals  0.42  of  the  total  distance  be- 
tween the  surface  of  the  suspension  and  the  elevation 
of  the  bottom  of  the  hydrometer. 

When  the  hydrometer  reading,  the  temperature  of 
the  suspension,  the  period  of  sedimentation,  and  the 
specific  gravity  of  the  soil  particles  are  known,  the 
particle  diameter  may  be  determined  graphically  by 
the  use  of  a  chart  constructed  as  shown  in  Figure  2. 
The  chart  is  plotted  on  semilogarithmic  cross-section 
paper,  on  which  the  ordinates  denote  hydrometer  read- 
ing and  the  abscissas  denote  period  of  sedimentation. 

In  the  preceding  article  (p.  201  of  this  issue)  varia- 
tions in  L,  n,  and  G  (equation  4)  were  cared  for  by 
means  of  correction  coefficients  applied  to  values  of  d 
computed  on  the  basis  of  the  standard  conditions,  tem- 
perature =67°  F.,  £  =  2.65,  and  2,  =  32.5  centimeters. 
The  graphical  method  here  described  does  not  involve  the 
use  of  the  standard  value,  2,  =  32.5  centimeters.  Values 
of  L  as  determined  by  actual  measurements  of  the  hy- 
drometer in  use  are  substituted  in  the  equation,  and 
recourse  to  a  correction  factor  is  eliminated.  The  man- 
ner in  which  variations  of  L,  n,  and  G  are  cared  for  is 
described  in  the  following  paragraphs. 

Variations  in  the  factor  L. — Solving  equation  (4) 
(Stokes's  law)  for  T,  the  period  of  sedimentation,  we 
have 

30nX 


r= 


980  (G-GJd2 


(5) 


Values  of  T  as  a  function  of  L,  the  distance  through 
which  the  soil  settles,  and  d,  the  maximum  diameter  of 
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Figure  2. — Chart  for  Obtaining  from  Test  Data  the  Hydrometer  Readings  Corresponding  to  Specific  Grain  Sizes 


Table   4. — Time   of  sedimentation  as  a  function  of  grain  diameter,  d,  and  hydrometer  reading,  R. 

perature  of  suspension  =  67°  F.) 


(Specific  gravity  =  2.6 5;  tern- 


Hy- 
drom- 
eter 
read- 
ing, R 

L 

Time,  T,  in  minutes  for  the  following  diameters— 

0.105 

milli- 
meters 

0.074 
milli- 
meters 

0.050 
milli- 
meters 

0.020 
milli- 
meters 

0.010 
milli- 
meters 

0.009 
milli- 
meters 

0.008 
milli- 
meters 

0.007 
milli- 
meters 

0.006 
milli- 
meters 

0.005 
milli- 
meters 

0.004 
milli- 
meters 

0.003 
milli- 
meters 

0.002 
milli- 
meters 

0.001 
milli- 
meters 

1,891 
1,  749 
1,601 
1,471 
1,337 
1,204 
1,087 

Grams 

per  liter 

0 

10 

20 

30 

40 

50 

60 

Centi- 
meters 
10.00 
9.25 
8.47 
7.78 
7.07 
6.37 
5.75 

0.171 
.159 
.145 
.133 
.121 
.109 
.099 

0.345 
.319 
.292 
.269 
.244 
.220 
.199 

0.756 
.700 
.641 
.588 
.535 
.482 
.435 

4.73 
4.37 
4.00 
3.  68 
3.34 
3.01 
2.72 

18.9 
17.5 
16.0 
14.7 
13.4 
12.0 
10  9 

23.3 

21.6 
19.8 
18.2 
16.5 
14.9 
13.4 

29.5 
27.3 
25.0 
23.0 
20.9 
18.8 
17.0 

38.6 
35.7 
32.7 
30.0 
27.3 
24.6 
22.2 

52.5 
48.6 
44.5 
40.9 
37.1 
33.5 
30.2 

75.6 
70.0 
64.1 
58.8 
53.5 
48.2 
43.5 

118.0 
109.0 
100.0 
91.9 
83.5 
75.3 
67.9 

210 

194 
178 
163 
149 

134 

121 

473 
437 
400 
368 
334 
301 
272 

soil  particle  remaining  in  suspension,  are  given  in  Table 
4.  The  values  of  L  to  be  used  were  determined  by 
measurement  for  hydrometer  readings  from  0  to  60. 
The  following  quantities  were  assumed  to  be  constant: 

n  =  0.0102,  the  coefficient  of  viscositv  of  water 

at  67°  F. 
£=2.65. 
Gi  =  0.9984,  the  density  of  water  at  67°  F. 

The  significance  of  Table  4  may  be  made  clear  by 
consideration  of  specific  values.  Thus,  if  the  hydrom- 
eter reading,  after  a  sedimentation  period  of  0.269 
minutes,  has  the  value  30,  the  maximum  diameter  of 
soil  particles  remaining  in  suspension  is  0.074  milli- 
meters. If,  on  the  other  hand,  it  takes  30  minutes  for 
the  hydrometer  reading  to  reach  the  value  30,  the 
maximum  diameter  of  soil  particles  is  0.007  millimeters. 


The  values  given  in  Table  4  are  plotted  in  Figure  2 
as  curves  showing  the  relation  between  hydrometer 
reading  and  period  of  sedimentation  for  different  values 
of  d,  the  maximum  grain  size.  The  relation  between 
hydrometer  reading  and  maximum  grain  size  for  a 
hydrometer  analysis  in  which  the  temperature  of  sus- 
pension was  67°  F.  and  the  specific  gravity  of  the  soil 
was  2.65  may  be  obtained  by  plotting  hydrometer 
readings  against  periods  of  sedimentation,  as  given  by 
the  analysis,  on  the  chart  of  Figure  2.  Intersections 
of  the  curve  so  determined  with  the  grain-diameter 
curves  give  the  hydrometer  readings  corresponding  to 
specific  values  of  maximum  diameter  of  soil  in  sus- 
pension. 

Variations  in  temperature  and  specific  gravity. — Equa- 
tion (5)  may  be  written 

T=980d2XnXG^6'1—        (5) 
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For  a  temperature  of  67°  F.  and  a  specific  gravity  of 
2.65,  we  have 

T  =  30X  ynmn9v 1 

0     9S0d2  2.6500-0.9984 

so  that 


n         1.6516 


Let 
and 


T0    0.0102  "6?- 6?, 


<?„  = 
C0  = 


n 


0.0102 

1.6516 
G  —  G  i 


Then 
and 


=  p  __  y  (approximately) . 
Log  T=Log  T0  +  log  Cn  +  \og  CQ— 


(6) 


The  grain-diameter  curves  plotted  in  Figure  2  give 
correct  values  of  T,  the  period  of  sedimentation,  for 
the  standard  conditions,  temperature  =  67°  F.  and 
6?= 2.65.  To  obtain  correct  values  for  other  tempera- 
tures and  specific  gravities,  it  is  necessary  to  multiply 
all  values  of  T  by  the  factor  CraxCG.  Since  the  scale 
of  T  is  logarithmic,  it  is  evident  that  the  correction  can 
be  applied  by  displacing  the  entire  system  of  curves 
horizontally  a  distance  equal  to  the  algebraic  sum  of 
the  corrections,  log  Cn  +  log  Ca.  If  this  sum  is  positive, 
the  curves  should  be  shifted  to  the  right;  if  negative,  to 
the  left. 

Values  of  the  viscosity  coefficient  of  water,  n,  the 

temperature  correction   C^aaiaq'    and  logio  C„  are 

given  in  Table  5  for  temperatures  varying  from  60°  to 
90°  F.  Values  of  Cn  are  plotted  against  temperature 
of  suspension  in  the  upper  left-hand  corner  of  Figure  2 
to  the  same  logarithmic  scale  as  that  to  which  the  period 
of  sedimentation  is  plotted  on  the  main  chart.  The 
reference  line  (temperature  =  67°  F.,  C„  =  1.00,  log 
C„  =  0)  may  be  taken  at  any  convenient  point.  Dis- 
tances along  this  correction  scale  may  be  laid  off 
directly  from  the  logarithmic  scale  by  the  use  of  divi- 
ders. For  construction  purposes  the  actual  lengths 
may  be  computed  accurately  by  multiplying  each  value 
of  log  C„  by  the  length  of  one  cycle  on  the  chosen 
logarithmic  scale. 

Table  5. — Values  of  the  viscosity  coefficient,1  n,  of  water  at  various 


temperatures,  of  the  coefficient  Cn  = 


n 


0.0102 


»  and  of  log  i0C„. 


Temper- 
ature 

n 

Coefficient 
C. 

LogmC, 

»  F 

Poises 

60 

0.0112 

1.10 

0. 04139 

65 

.0105 

1.03 

0.  01284 

67 

.0102 

1.00 

0.  00000 

70 

.  00978 

0.959 

-0.01818 

75 

. 00917 

0.899 

-0.  04624 

80 

.110*61 

0.844 

-0.  07366 

85 

. 00810 

0.794 

-0.  10018 

90 

. 00764 

0.749 

-0. 12552 

'  Smithsonian  Physical  Tables,  seventh  revised  edition,  1921. 

Similarly,  values  of  CG  and  log  l0CG  are  given  in  Table 
6  for  specific  gravities  varying  from  2.25  to  5.00,  and  a 
logarithmic  scale  of  these  corrections  is  shown  above 
the  temperature  correction  scale  in  Figure  2. 


As  stated  above,  the  grain-diameter  curves  may  be 
corrected  for  given  values  of  temperature  and  specific 
gravity  by  horizontal  displacement  in  the  direction 
indicated  by  the  sign  of  the  correction.  To  plot  a  point 
representing  a  given  hydrometer  reading  and  a  given 
period  of  sedimentation,  it  is  necessary  to  apply  the 
correction  in  the  opposite  direction,  i.  e.,  positive  to  the 
left.  The  relative  position  of  the  point  with  respect  to 
the  curves  is  then  the  same  as  if  the  curves  had  been 
shifted  to  the  right  (or  to  the  left,  in  the  case  of  a  nega- 
tive correction). 

1  65 
Table   6.- — Values   of  the  specific  gravity  correction,  Cg=    '_    » 

and  of  log  v>Ca,  for  values  of  the  specific  gravity,  G,  from  2.25  to  5.00 


Specific 
gravity,  <? 

Coefficient, 
Co 

LogioCo 

2.25 

1.320 

0. 1200 

2  35 

1.222 

0.  0872 

2.45 

1.138 

0.  0561 

2.55 

1.064 

0.  0272 

2.65 

1.000 

0.  0000 

2.75 

0.943 

-0.  0256 

2.85 

0.892 

-0.  0497 

2.95 

0.846 

-0.  0726 

3.25 

0.733 

-0.  1347 

3.50 

0.660 

-0. 1805 

3.75 

0.600 

-0.  2218 

4.00 

0.550 

-0.  2596 

4.50 

0.471 

-0.  3266 

5.00 

0.412 

-0.  3846 

METHOD  OF  USING  CHARTS  DESCRIBED 

In  Table  7  are  given  the  data  obtained  in  the  hydro- 
meter analysis  of  a  soil  sample.  The  following  para- 
graphs describe  the  steps  involved  in  using  the  charts 
of  Figures  1  and  2  to  develop  from  this  material  the 
data  on  which  the  grain-size  accumulation  curve  is 
based.     The  results  thus  obtained  are  given  in  Table  8. 

Table  7. — Sieve  and  hydrometer  analysis  of  sample  5,S94X 

A—  GENERAL  DATA 

Weight  of  air-dried  sample,  grams 49.  0 

Weight  of  dry  soil  dispersed,  grams 46.  0 

Specific  gravity 2.  85 

Plasticity  index 18.  0 

B.— HYDROMETER  TEST  DATA' 


C— SIEVE  ANALYSIS 


Fraction 


Retained  on  No.  10_-_ 

Passing  No.  10,  retained  on  No.  20___ 
Passing  No.  20,  retained  on  No.  40.  -. 
Passing  No.  40,  retained  on  No.  60.  .. 
Passing  No.  60,  retained  on  No.  140.. 
Passing  No.  140,  retained  on  No.  200. 


II.9.S 
0.80 
0.90 
4.32 
3.80 


Percent- 
age of 
dispersed 
sample 


0 

2.13 

1.74 

1.96 

9.39 

8.26 


Volume  of  suspension,  1  liter. 
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1.  On  tracing  paper  placed  over  Figure  1,  line  2  is 
constructed  by  the  method  previously  described,  for  a 
specific  gravity,  G,  of  2.85,  a  weight  of  dry  soil  dis- 
persed, W,  of  46.0  grams,  and  a  temperature  of  suspen- 
sion of  75°  F.,  as  indicated  in  Tables  7,  A  and  7,  B. 
While  some  of  the  temperatures  listed  in  Table  7,  B 
vary  slightly  from  75°  F.,  the  temperature  throughout 
the  test  may  be  assumed  as  being  75°  F. 

2.  The  percentages  of  material  retained  on  each  of 
the  sieves  in  the  sieve  analysis  are  computed  and  listed 
in  Table  7,  C  From  these  data  the  percentage  of  ma- 
terial smaller  than  each  of  the  sieve  sizes  is  computed 
and  recorded  in  the  last  column  of  Table  8. 

3.  On  a  piece  of  tracing  paper  placed  over  Figure  2 
a  curve  of  time  against  hydrometer  reading  is  plotted, 


No.  200  sieves  as  recorded  in  Table  8  are  obtained  from 
line  2,  Figure  1.  In  this  case  the  values  are  84.78  per 
cent  and  76.52  per  cent,  respectively,  and  their  com- 
puted hydrometer  readings  are  39.5  and  35.3.  These 
hydrometer  readings  arc  plotted  on  the  grain-diameter 
curves  (fig.  2)  corresponding  to  their  respective  sieve 
sizes  with  the  tracing  paper  in  its  shifted  position. 
These  points  are  shown  as  points  1  and  2,  Figure  2. 

6.  The  two  points  are  then  connected  with  the  curve 
previously  drawn  (full  line,  fig.  2)  in  order  to  tie  in  the 
results  given  by  the  sieve  analysis  with  those  given  by 
the  hydrometer  analysis. 

7.  The  hydrometer  readings  corresponding  to  the 
grain  sizes  tabulated  in  Table  8  are  obtained  from  the 
curve  (full  line,  fig.  2).     Thus  the  hydrometer  reading 
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Figure  3. — Grain-size  Accumulation  Curve  for  Soil  Sample  5,394X 


as  shown  by  the  broken  line  in  Figure  2,  from  the. 
observed  data  as  recorded  in  Table  7,  B.  The  inter- 
sections of  this  curve  with  the  grain-diameter  curves 
give  the  hydrometer  readings  corresponding  to  the 
times  of  sedimentation  indicative  of  the  grain  sizes 
represented  by  the  grain-diameter  curves,  uncorrected 
for  variation  of  the  specific  gravity  of  the  soil  particles 
in  suspension  and  the  temperature  of  the  suspension 
from  the  standard  values,  2.65  and  67°  F.,  respectively. 

4.  The  tracing  paper  is  shifted  horizontally  through 
a  distance  equal  to  the  algebraic  sum  of  the  temperature 
and  specific  gravity  corrections,  which  in  this  case,  for 
a  temperature  of  75°  F.  and  a  specific  gravity  of  2.85, 
is  to  the  right.  It  should  be  noted  that  moving  the 
tracing  paper  upon  which  the  curve  of  time  against 
hydrometer  reading  has  been  plotted  produces  the 
same  effect  as  moving  the  grain-diameter  curves  in  the 
opposite  direction.  It  is  for  this  reason  that  a  point 
representing  the  algebraic  sum  of  the  specific  gravity 
and  temperature  corrections,  easily  obtained  by  means 
of  a  pair  of  dividers,  is  laid  off  from  the  line  of  zero 
correction  in  the  direction  corresponding  to  the  sign  of 
that  sum  and  the  tracing  paper  moved  until  this  point 
coincides  with  the  line  of  zero  correction. 

This  curve  in  its  shifted  position,  shown  as  a  full  line 
in  Figure  2,  gives  correctly  the  hydrometer  readings 
corresponding  to  the  grain  sizes  indicated  by  the  grain- 
diameter  curves. 

5.  The  hydrometer  readings  corresponding  to  the 
percentages  of  material  passing  the  No.  140  and  the 


corresponding  to  a  grain  diameter  of  0.05  millimeter  is 
32.0  and  the  hydrometer  reading  corresponding  to  a 
grain  diameter  of  0.002  millimeter  is  19.3. 

8.  For  these  hydrometer  readings  the  corresponding 
percentages  of  soil  in  suspension  are  obtained  from  line 
2  (fig.  1).  Thus  a  hydrometer  reading  of  32.0  indicates 
69.3  per  cent  of  soil  in  suspension  and  a  hydrometer 
reading  of  19.3  indicates  42.8  per  cent  of  soil  in  sus- 
pension. These  values  are  recorded  in  Table  8  and 
used  in  plotting  the  soil  accumulation  curve,  which  is 
shown  in  Figure  3.  From  this  curve  the  percentage 
of  soil  smaller  than  any  specific  diameter  may  be 
obtained. 

Table  8. — Grain-size  accumulation  data  for  soil  sample  5,894-X 


Sieve 
No. 

Maximum 

grain  size  of 

fraction 

Hydrome- 
ter reading 

Percentage 
of  total 

sample 

10 
20 
40 
60 
140 
200 

Millimeters 
2.0 
0.84 
0.42 
0.25 
0.105 
0.074 
0.05 
0.02 
0.008 
0.005 
0.002 
0.001 

Crams  per 
liter 

100. 00 
97.87 
96.13 
94.17 
84.78 
76.  52 
69.3 
61.0 
53.4 
49.4 
42.8 
38.4 

i  39.5 
"35.3 
32.0 
28.0 
24.4 
22.5 
19.3 
17.2 

i  Computed. 
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Figure  4. 


-Chart  and  Protractor  for  Converting  Hydrometer  Readings  to  Percentages  of  Originally  Dispersed 

Soil  Remaining  in  Suspension 


SPECIAL    APPARATUS    ASSISTS   IN    PERFORMING    THE    GRAPHICAL 
SOLUTION 

The  foregoing  procedure  was  described  in  detail  in 
order  to  explain  clearly  the  basis  of  the  various  opera- 
tions. The  procedure  used  in  the  laboratory  of  the 
Bureau  of  Public  Roads  is  the  same  as  that  described 
above  in  essentials,  but  is  somwhat  simplified  by  the 
use  of  special  apparatus. 

The  apparatus  which  assists  in  determining  the  rela- 
tion between  the  hydrometer  reading  and  the  per- 
centage of  soil  in  suspension  is  shown  in  Figure  4.  It 
consists  of  a  chart  containing  scales  similar  to  those 
shown  in  Figure  1  and  an  adjustable  protractor  which 
slides  on  a  fixed  base.  Both  the  protractor  and  the 
chart  are  mounted  on  a  drawing  board  12  inches  wide 
and  16  inches  long. 

The  scales  for  hydrometer  reading,  percentage  of 
soil  in  suspension,  temperature,  and  specific  gravity  are 
constructed  exactly  like  and  in  the  same  position  as  the 
same  scales  in  Figure  1 .  A  reference  point  for  the  ful- 
crum of  the  protractor  arm  is  located  1  inch  to  the  left 
of  the  origin.  To  compensate  for  this  displacement,  the 
scale  for  weight  of  soil  dispersed  is  shifted  1  inch  to  the 
left  of  the  position  shown  in  Figure  1.  This  displace- 
ment was  necessitated  by  the  fact  that  if  the  reference 
point  were  at  the  origin  the  fulcrum  of  the  protractor 
would  interfere  with  reading  the  scales  in  the  lower  left- 
hand  corner  of  the  chart. 

The  protractor  is  operated  in  the  following  manner: 
The  slide  clamp  screw  is  loosened  and  the  protractor  is 
moved  vertically  until  the  intersection  of  the  cross 
hairs  in  the  transparent  center  of  the  fulcrum  of  the 
protractor  is  directly  over  the  reference  point.  The 
slide  clamp  screw  is  then  tightened  and  the  arm  lock 
nut  is  loosened.     The  protractor  arm  is  rotated  until 


its  reading  edge  passes  through  a  point  whose  abscissa 
corresponds  to  the  given  weight  of  soil  displaced  and 
whose  ordinate  corresponds  to  the  given  specific  gravity. 
The  arm  lock  nut  is  then  tightened,  the  slide  clamp 
screw  is  loosened,  and  the  protractor  is  moved  vertically 
until  the  reading  edge  of  the  arm  intersects  the  tem- 
perature scale  at  the  desired  point.  The  slide  clamp 
screw  is  then  tightened.  In  this  position  the  reading 
edge  of  the  protractor  arm,  corresponding  in  position 
to  line  2  (fig.  1),  will  give  correctly  the  percentage  of 
soil  particles  in  suspension  indicated  by  the  hydrometer 
readings. 

The  apparatus  which  assists  in  determining  the  grain 
size  is  illustrated  in  Figure  5.  It  consists  of  a  chart 
similar  to  that  shown  in  Figure  2,  but  without  the 
temperature  and  specific  gravity  scales,  and  a  sliding 
carriage  which  serves  to  shift  the  tracing  paper,  all 
mounted  on  a  drawing  board  16  by  21  inches  in  size. 
The  tracing  paper  is  held  in  the  sliding  carriage  by 
two  clamps.  The  sliding  of  the  carriage  is  controlled 
by  means  of  a  thumbscrew  and  thrust  yoke  located  at 
the  upper  right-hand  corner  of  the  board. 

The  specific  gravity  scale  is  scribed  on  the  carriage 
exactly  as  it  was  plotted  in  Figure  2,  and  the  tem- 
perature scale  is  scribed  on  a  fixed  metal  guide  adjacent 
to  the  specific  gravity  scale.  The  scale  values  are  the 
same  as  were  used  in  the  construction  of  the  temperature 
scale  (fig. 2),  but  positive  values  are  plotted  to  the  left  and 
negative  values  to  the  right  of  the  zero  correction  line. 
This  is  necessary  because  the  specific  gravity  scale 
moves  with  the  tracing  paper  but  the  temperature 
scale  remains  fixed.  The  position  of  these  scales  on 
the  apparatus  is  shown  in  Figure  5.  The  chart  con- 
taining the  grain-size  curves  is  held  in  place  on  the 
drawing  board  by  means  of  two  clamps,  as  shown. 
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This  apparatus  is  operated  in  the  following  manner:  described.     The  tracing  paper  is  then  displaced  hori- 

The  tracing  paper  is  inserted  in  the  slot  in  the  movable  zontally  by  moving  the  slide  carriage  until   the   two 

carriage  provided  for  it  and  the  clamps  are  tightened,  correction  scales  are  in  such  a  position  that  the  given 

By  means  of  the  adjusting  screw  the  position  of  the  specific  gravity  coincides  with  the  given  temperature. 


THE    HEAD    OF     THE     BOARD    IS    COUNTERSUNK     SO    THAT     THE     SLOT     WHICH     HOLDS 
THE    TRACING     SHEET     WILL     BE     FLUSH     WITH     THE     SURFACE     OF     THE     BOARD. 
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Figure  5. — Chart  and  Mechanical   Device  for   Obtaining   from   Test   Data   the   Hydrometer   Readings 

Corresponding  to  Specific  Grain  Sizes 

carriage  is  adjusted  so  that  a  specific  gravity  of  2.65  The  curve  of  time  of  sedimentation  against  hydrometer 

on  the  specific  gravity  scale  coincides  with  a  tempera-  reading  will  then  be  in  the  correct  position  to  give  the 

ture  of  67°  F.  on  the  temperature  scale.     A  curve  of  hydrometer  readings  corresponding  to  the  grain  diam- 

time  of  sedimentation  against  hydrometer  reading  is  eters  for  which  the  information  is  desired, 
plotted  on  the  tracing  paper  in  the  manner  previously 
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INVESTIGATION  OF  TAR  ROADS  IN  PROGRESS 

In  cooperation  with  representatives  of  the  tar  in- 
dustry, the  Bureau  of  Public  Roads  is  conducting  an 
investigation  of  low  cost  and  secondary  roads  on 
which  tar  was  used  in  construction  and  maintenance. 
A  committee  of  three  was  appointed  to  represent  the 
producers  of  tar,  and  an  engineer  was  assigned  to  work 
directly  with  members  of  the  bureau  staff  in  making 
the  study.  Work  on  the  project  was  begun  in  the 
early  part  of  this  year. 

Although  tar  has  been  used  as  a  road  material  in 
different  parts  of  the  country  for  many  years,  it  is  of 
special  interest  at  the  present  time  to  study  its  per- 
formance when  used  in  low-cost  road  treatments.  It 
is  believed  that /the  investigation  which  is  now  being 
carried  on  will  produce  valuable  information  regarding 
methods  of  construction  and  maintenance  costs,  and 
the  behavior  of  tar-bound  surfaces  under  light  and 
medium  traffic. 

The  procedure  adopted  involves  (a)  a  preliminary 
survey  of  the  type  of  road  selected  for  study,  and  (6) 
a  detailed  study  of  a  limited  number  of  road  projects. 
The  preliminary  survey  serves  to  bring  out  the  factors 
which  should  be  given  attention  in  the  special  study. 
Roads  are  selected  which  afford  an  opportunity  to 
investigate  all  such  factors. 

The  detailed  study  of  each  project  involves  a  complete 
investigation  of  the  methods  employed  in  construction, 
the  materials  and  proportions  used,  maintenance  of 
the  road,  and  its  surface  condition.  Samples  are- taken 
to  determine  the  thickness  and  condition  of  the  mat. 
In  addition  to  the  field  work,  exhaustive  laboratory 
tests  are  made  on  the  materials  composing  the  mat, 
as  well  as  on  the  base  materials  and  the  subgrade. 
The  study  also  includes  an  analysis  of  the  costs  of  con- 
struction and  maintenance.  Information  regarding  the 
volume  and  character  of  the  traffic,  if  not  available  from 
other  sources,  is  obtained  in  the  course  of  the  field  work. 

Since  the  beginning  of  this  investigation  early  in 
1931,  a  survey  has  been  made  in  North  Carolina  of 
sand-clay,  topsoil,  traffic-bound  gravel,  and  stone  roads, 
surface-treated  with  tar.  Over  1,000  miles  of  such 
surfaces  have  been  built  in  the  past  few  years  and  an 
extensive  program  of  surface  treatment  is  now  in  prog- 
ress. The  survey  has  been  completed  and  a  report 
is  now  being  prepared. 

A  second  survey,  covering  tar-bound  roads  in  Penn- 
sylvania, is  now  under  way.  The  preliminary  survey 
has  been  completed  and  the  detailed  study  begun.  In 
addition  to  a  study  of  low-cost  surface  treatments,  the 
Pennsylvania  work  includes  an  investigation  of  tar- 
bound  macadam  construction.  Surfaces  of  this  type 
consist  generally  of  a  layer  of  aggregate  \}i  inches  to 
5/8  inch  in  size  spread  to  a  loose  depth  of  about  3 
inches,  penetrated  with  a  cold  application  of  tar,  and 
compacted  by  rolling  or  by  traffic. 

In  the  Pennsylvania  study  it  will  be  possible  to 
investigate  old  as  well  as  new  work,  thereby  obtaining 
information  on  the  effect  of  changes  in  methods  and 
materials  over  a  period  of  years.     Following  the  com- 


pletion of  the  work  in  Pennsylvania  it  is  planned  to 
extend  the  investigation  to  different  parts  of  the 
country,  and  to  study  other  types  of  construction  which 
have  proved  their  worth  and  might  with  advantage 
come  into  wider  use.  Information  of  value  derived 
from  these  studies  will  be  published  in  the  form  of 
progress  reports  as  rapidly  as  possible. 


TRAFFIC  SURVEY  OF  WASHINGTON,  D.  C,  AREA 
BEGUN 

On  September  10,  1931,  the  Bureau  of  Public  Roads, 
in  cooperation  with  other  agencies,  inaugurated  a  sur- 
vey of  traffic  on  the  principal  highways  in  the  area  im- 
mediately adjacent  to  Washington,  D.  C.  The  cooper- 
ating agencies  are  the  National  Capital  Park  and 
Planning  Commission,  the  District  of  Columbia,  the 
Maryland  State  Roads  Commission,  the  Virginia  De- 
partment of  Highways,  the  Maryland  National  Capital 
Park  and  Planning  Commission,  the  City  of  Alexandria, 
Arlington  and  Fairfax  Counties,  Virginia;  and  Prince 
Georges  and  Montgomery  Counties,  Maryland. 

This  is  the  first  comprehensive  survey  of  the  area  sur- 
rounding the  city  of  Washington.  It  is  expected  to 
yield  information  essential  to  the  solution  of  traffic 
problems  in  this  region.  The  general  purpose  of  the 
survey,  according  to  the  agreement  signed  by  the  coop- 
erating agencies,  is  "to  secure  facts  and  obtain  infor- 
mation which  will  enable  the  agencies  concerned  to 
develop  a  comprehensive,  systematic,  and  connected 
system  of  main  highways  within  and  between  the  areas 
of  Fairfax  and  Arlington  Counties,  Va. ;  the  city  of 
Alexandria,  Va.;  Montgomery  and  Prince  Georges 
Counties,  Md. ;  and  the  District  of  Columbia,  including 
a  study  of  proper  connections  with  the  Federal-aid 
highway  systems  of  Maryland  and  Virginia  within  these 
areas,  and  such  other  adjacent  areas  as  may  be  affected 
by  a  general  highway  plan  for  the  environment  of  the 
District  of  Columbia.  The  surveys  will  be  directed 
toward  the  development  of  a  priority  program  of  high- 
way construction  and  betterment  in  the  entire  area  and 
toward  fixing  the  location  and  connections  of  suitable 
belt  lines,  relief  roads,  or  necessary  relocations  and 
extensions  of  existing  highways.  They  will  include  a 
highway  traffic  census  to  determine  the  origin  and  des- 
tination of  various  kinds  of  vehicles,  the  preparation  of 
a  comprehensive  report,  and  an  analysis  of  the  infor- 
mation obtained,  for  the  guidance  of  the  officials  con- 
cerned in  the  various  jurisdictions." 


INDEX  TO  VOLUME  10  OF  PUBLIC  ROADS  AVAILABLE 

An  index  to  volume  10  of  Public  Roads,  which  includes 
the  issues  from  March,  1929,  to  February,  1930,  is  now 
available  for  distribution,  and  copies  may  be  obtained 
without  charge  from  the  Bureau  of  Public  Roads,  United 
States  Department  of  Agriculture,  Washington,  D.  C. 
Indexes  to  volumes  6,  7,  8,  and  9  have  previously  been 
published,  and  a  supply  of  these  indexes  is  still  on 
hand.     The  index  to  volume  11  is  now  being  prepared. 
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BITUMINOUS    TREATMENTS    ON    SAND-CLAY    AND 
MARL  BASES  IN  SOUTH  CAROLINA 

Reported  by  H.  C.  JONES,  Division  Engineer,  South  Carolina  Highway  Department,  and  E.  L.  TARWATER,  Assistant  Highway  Engineer,  United  States  Bureau 

of  Public  Roads 


A  COOPERATIVE  experimental  project  was  con- 
structed during  the  summer  and  fall  of  1929  in 
»  Berkeley  County,  S.  C,  by  the  State  highway 
department  and  the  Bureau  of  Public  Roads.  This 
project,  4.5  miles  in  length,  was  built  on  State  route 
No.  46  from  its  junction  with  United  States  Highway 
No.  17  at  Moncks  Corner  to  the  village  of  Pinopolis. 

The  purpose  of  the  experiments  was  to  obtain  infor- 
mation on  the  following  subjects: 

(«)  The  comparative  value  of  sand-clay  and  marl  as 
bases  for  bituminous  surface  treatment. 

(b)  The  comparative  value  of  various  types  of  bitu- 
minous material  for  cold  application. 

(c)  The  effect  of  variously  graded  aggregates. 

(d)  Comparison  of  the  wearing  surfaces  produced  by 
the  mixed-in-plaee  method  and  by  ordinary  surface 
treatment. 

The  project  embraced  the  construction  of  bituminous 
wearing  surfaces  by  the  mixed-in-place  and  surface- 
treatment  methods,  using  crushed  stone  of  different 
gradings  and  various  bituminous  materials.  These 
surfaces  were  constructed  upon  sand-clay  and  marl 
bases  which  had  been  previously  built. 

The  bituminous  materials  used  were  8-13  viscosity 
tar,  60-70  and  85-100  penetration  asphalts  cut  back 
with  heavy  naphtha,  25-35  viscosity  tar,  and  an  as- 
phalt emulsion.  The  aggregate  used  was  crushed 
granite  graded  as  follows:  1%  to  %  inch,  %  to  ){  inch, 
%  to  %  inch,  and  ){ inch  to  dust.  Table  1  gives  the  types 
and  qualities  of  materials  used  in  the  construction  of 
the  sections.  The  analyses  of  the  bituminous  mate- 
rials, aggregates,  and  mixes  are  given  in  Tables  2  to  7, 
inclusive. 

The  road  upon  which  the  experiments  were  built 
carries  passenger  cars  and  light  trucks  mainly  but 
also  some  heavier  trucks  with  trailers  carrying  rela- 
tively heavy  loads  of  logs  or  merchandise.  A  traffic 
count  at  stations  13  and  92  taken  shortly  after  con- 
struction showed  a  count  of  587  and  320  vehicles  daily, 
respectively. 

The  area  through  which  the  road  passes  is  relatively 
low,  and  for  this  reason  the  water  table  is  rather  close 
to  the  surface  of  the  ground.  In  spite  of  this  condition, 
fair  drainage  of  the  roadway  proper  is  provided.  In 
several  small  areas  where  the  grade  is  exceptionally 
low  French  drains  were  later  constructed,  extending 
from  the  edges  of  the  treatments  through  the  shoulders 
to  the  drainage  ditches. 

The  marl  and  sand-clay  bases  were  constructed  by 
contract  in  the  summer  and  fall  of  1928.  The  bitumi- 
nous wearing  surfaces  were  built  by  State  forces  during 
the  summer  and  fall  of  1929. 

CONSTRUCTION  OF  THE   MARL  BASE 

Two  miles  of  this  project  were  constructed  upon  a 
marl  base,  the  material  for  which  was  obtained  from  a 
local  deposit  about  1 )'%  miles  south  of  the  project.  Labo- 
ratory tests  show  it  to  have  the  following  characteristics : 

Per  cent 

Calcium  carbonate 86.  85  to  83.  85 

Silica,  alumina,  and  iron  oxides 10.  40  to  14.  55 

Magnesium  carbonate 1.  33  to     1.65 

Cementing  value,  133  to  500  plus. 
81677—31 1 


As  prepared  lor  the  above  lest  it  did  not  slake  in  60 
minutes. 

When  taken  from  the  pit  the  marl  is  grayish  while  in 
color,  contains  considerable  moisture,  and  in  this  condi- 
tion can  be  easily  broken  down  with  picks  or  sledges  and 
readily  worked  with  a  drag,  disk,  or  blade  machine. 
As  it  is  homogeneous  it  compacts  uniformly  when  moist 
and  does  not  laminate  but  may  develop  small  shrinkage 
cracks  while  drying  or  setting  up.  When  dry  it  is 
white  and  in  sunlight  causes  an  objectionable  glare. 
After  it  is  compacted  and  set  up  it  is  very  hard  and  can 
not  be  machined  without  wetting.  It  does  not  ravel  or 
pothole  under  traffic,  but  does  wear  away,  as  some  of 


Figure   1. — Characteristic  Shrinkage  Cracks  Develop- 
ing In  the  Marl  Base  as  It  Dries  Out  and  Hardens 

the  surface  particles  are  whipped  off  as  dust.  Ordinary 
rains  do  not  affect  it,  but  continued  rains  or  trapped 
water  held  on  the  surface  soften  it,  allowing  it  to  rut. 
Where  the  grade  is  low  and  where  the  subsoil  is  of  a, 
type  permitting  capillary  moisture,  softening  of  this 
material  occurs  and  results  in  weakening  and  failure  of 
the  surfacing. 

Surface  irregularities  can  not  be  repaired  by  the  ordi- 
nary patching  method  when  the  marl  is  dry  and  has 
set  up.  The  new  material  will  harden  but  will  not  bond 
to  the  old  surface  and  will  eventually  scale  off.  Scarify- 
ing and  reworking  seems  to  be  the  most  satisfactory 
method  of  surface  repair. 

In  constructing  the  marl  base  side  forms  were  used 
and  were  spaced  20  to  21  feet  apart  except  for  a  distance 
of  about  500  feet  through  the  business  section  of  Moncks 
Corner  where  the  width  was  made  about  30  feet.  The 
forms  were  set  to  rough  grade,  to  give  a  base  thickness 
of  approximately  8  inches  compacted.  The  marl  was 
dumped  between  the  forms,  broken  into  small  pieces 
with  picks  and  sledges,  and  then  worked  with  the  disk 
harrow  and  blade  machine  to  develop  a  uniform  mass. 
The  material  was  rolled  for  compaction,  and  during  this 
operation  blading  was  continued  to  bring  the  roadway 
to  the  proper  grade  and  cross  section. 

The  marl  base  was  constructed  in  the  fall  of  1928, 
which  was  an  unusually  wet  season,  and  considerable 
rutting  occurred  under  traffic,  which  was  compelled  to 
use  the  road  during  construction.  The  surface  was 
machined,  but  some  areas  became  so  badly  rutted  that 
scarifying  and  reworking  was  necessary. 
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Table  1. —  Types  and  quantities  of  materials  used  in  the  bituminous  construction 


Sec- 
tion 
No. 

Stations 

Base 

Primer 
8-13 

viscosity 
tar 

Bituminous  mat 

Seal 

Experi- 
ment 

Begin- 
ning 

End 

Type 

Aver- 
age 
depth 

Stone 

Bituminous  material 

Aver- 
age 
thick- 
ness 
com- 
pacted 

Bituminous  material 

inch 
stone 

No. 

Coarse 

Fine  ' 

Kind 

Rate  of 
appli- 
cation 

Description 

Rate  of 
appli- 
cation 

I 

A 

li 

A 
B 

(' 

0+00 

13+28 

3  24+50 
39+60 
52+00 
79+20 

92+40 

66+00 
105+84 

119+99 

132+00 
199+70 
144+20 
212+90 

226+10 

6  158+40 

13+28 

24+50 

39+60 
52+00 
66+00 
92+40 

105+84 

79+20 
119+99 

132+00 

144+20 
212+90 
158+40 
226+10 

238+80 

199+70 

Marl 

...do 

...do 

...do 

..do 

...do 

..do 

...do 

Inches 
9 

10 

8  5 

s 
9 

'.i 

9 

Gals,  per 
sq.  yd. 
0.27 

.27 

.31 
.29 
.28 
.30 

.26 

.33 
.33 

.39 

.29 
.25 
.34 
.26 

.27 

.29 

Lbs.  per 
sq.  yd. 
2  154 

!  156 

2  180 
2  175 
«  165 
<  162 

•  157 

2  50 
2  171 

2  170 

2  178 
5  169 
2  165 

•  154 

•  152 

-'  52  and 
M3 

Lbs.  per 
sq.  yd. 

3S 

36.  5 

60-70  penetration  as- 
phalt cut-hack. 
85^-100  penetration  as- 
phalt cut-back. 

do 

25-35  viscosity  tar 

Asphalt  emulsion 

85-100  penetration  as- 
phalt cut-back. 
do 

do 

Gals,  per 
sq.  yd. 
0.91 

1.03 

.69 
.89 
1.27 
1.19 

.72 

5  .64 
1.00 

1.09 

Lll 

1.25 

.77 

'.77 

Inches 
1.8 

1.8 

2.0 
2.0 
2.3 
1.8 

1.8 

00-70  penetration  as- 
phalt cut-back. 

85-100  penetration  as- 
phalt cut-back. 
do.. 

25-35  viscosity  tar 

Asphalt  emulsion 

Gals,  per 
sq.  yd. 
0.42 

.29 

.30 
.23 
.23 

Lbs.  per 
sq.  yd. 
30 

15 

18 
15 

3 

37 

:is 

40 
4  J 

15 

4      

85-100  penetration  as- 
phalt cut-back. 

.  22 

15 

6    .   

\ 

B 

A 
B 

i  ' 

Sand-clay 
...do 

...do 

..do 

...do 

..  do..     .. 

6 

60-70  penetration   as- 
phalt cut-back. 

85-100  penetration  as- 
phalt cut -back. 
do._ 

2.0 

2.0 

2.0 
2.0 
2.3 
1.8 

1.8 

....do 

....do 

do.. 

25-35  viscosity  tar 
Asphalt  emulsion 

.34 

.23 

.27 
.32 

.25 

15 
15 

18 

25-35  viscosity  tar 

Asphalt  emulsion 

85-100  penetration  as- 
phalt cut-back. 
do 

do  .     

15 

s 

30 

38 

15 

1 

.  do  . 

85-100  penetration  as- 
phalt cut-back. 

.29 

14 

in 

...do 

7 

lone  screenings,  H  inch  to  dust. 
-  lS4-inch-J4-inch  crushed  stone. 
3  Deduct  36  linear  feet  for  railroad  crossing. 
*  M-inch-H-inch  crushed  stone. 


Includes  retreating  stations  66+00  to  73+40. 
1  Deduct  170  linear  feet  for  correction  equation. 
Includes  original  treatment  and  retreatment. 


Table  2. — Analysis  of  asphalt  cut-backs  used  in  the  construction 


Type  material 

Laboratory  Number .  ... 

Sections  on  which  used ...       

Specific  gravity,  25°/25°  C 

Flash  point,  °  C... 

Viscosity,  Engler  at  40°  C 

Viscosity  Engler  at  50°  C 

Percentage  loss  at  163°  C,  5  hours.  50  grams 

Penetration  of  residue,  25°  < ' 

Percentage  loss  at  163°  C,  5  hours.  20  grains 

Penetration  of  residue,  25°  C 

Bitumen  soluble  in  CS2,  per  cent 

Organic  insoluble,  per  cent 

Inorganic  insoluble,  per  cent 

Bitumen   insoluble  in  86°  Baume  naphtha,  per 

cent 

Residue  of  100  penetration,  per  cent 

Penetration  of  residue  at  25°  C 

Penetration  of  residue  at  0°  C . . . .  .   

Softening  point  of  residue,  °  C ...   .. 

Ductility  of  residue  at  25°  C 

Ductility  of  residue  at  1.5°  C 

Distillation  test,  A.  S.  T.  M.  modified  D  20'  frac- 
tions, per  cent  by  weight: 

0-170°  C 

170-225°  C ...      

225-315°  C 

315-360°  C 

Residue  over  360°  C.  ............. 

1'enetration  of  residue  at  25°  C 

Softening  point  of  residue,  °  C .. 

A.  S.  T.  M.  modified  D  20*  fractions: 

0-190°  O 

190-225°  C 

225-360°  C . 

Penetration  of  residue  at  25°  C 

Softening  point  of  residue,  °  C 


85-100  penetra- 
tion 
31933 
1-B,  5,  10 


3  7.93 
3  7.31 
'8.80 


0.942 
29.8 
61.58 
34.21 
25.31 
104 
25.89 
56 

99.81 
0.07 
0.02 

15.82 

73.9 
101 

12 

48.4 

110+ 

6.4 


4.24 
12.32 
6.57 
2.05 
74.60 
133 
40.8 

•  10.0 
I  lll  4 
I  12.  2 

98 

44.6 


85-100  penetra- 
tion 

32529 


85-100  penetra- 
tion 
32530 


85-100  penetra-      60-70  penetra- 
tion tion 
32531                         31938 


1-B,  2-A,  3,  8,  10    2-A,  4,  6-A,  9,  10    3,  4,  6-B,  7-A,  10 


'0.49 
3  15.  11 
*  9.  17 


0.947 

28 

54.49 

29.98 

24.50 
114 

24.92 

65 

99.79 
0.18 
0.03 

17.05 
74.7 
98 
22 

45.4 

110+ 

5.8 


1. 08 

14.  02 

5.  32 

3.27 

75.90 

151 

43.8 

♦  0.8 

•  19.  2 
i  9.  7 
96 

47.  2 


*5.55 
3  10.  48 

J  9.  81 


0.943 
29 
40.  32 

23.  09 

24.  74 
119 

25.  59 
63 
99.  79 

11.17 
0.04 

15.98 

74.9 
104 

22 

45 

110+ 
4.9 


0.25 
15.83 
8.05 
1.54 
74.20 
128 
42.2 

<8.  2 
«  13.4 
<  12.0 

7S 
Hi  2 


6-A 


'  X.  04 
!8.57 
>  8.  23 


0.  945 

25 
47.71 
28.  11 
28.15 
117 
25.80 
64 
99.88 

0.10 

0.02 

14.89 
74.4 
90 
22 

46.8 

110+ 

6.2 


1.27 
15.  66 
(i.  26 
1.48 
7.',.  10 
137 
42.4 

'  11.5 
<  11.0 

*  9.9 

86 

47  8 


3  7.75 
3  11.44 
>  9.  99 


0.947 
31.4 
58.52 
30.30 
2S  2S 
84 

29.84 
44 

99.91 
0.08 
0.01 

19.15 

72.9 
94 
14 

52.2 

110+ 

5.2 


0.42 
is  so 
8.24 
1.67 
70.70 
108 
44 

<9.8 
*  15.2 
<  12.4 

70 

49.8 


60-70  penetra- 
tion 
32532 
1-A 


0.950 
29.60 
70.58 
37.30 
25.38 
101 
26.  30 
50 

99.81 
0.17 
0.02 

18.84 
72.1 
87 
22 

46.8 

110+ 

4.5 


1.06 
15.67 

7.62 

1.87 
73.  70 

1.30 
43.8 


3  4.79 
310.38 
3  9.61 


6.02 

'  12.  97 
"  11.60 


60-70  penetra- 
tion 
32533 
6-A 


3  5.52 
'11.73 
3  9.95 


0.949 
28.4 
65.61 
35.01 
27.69 
85  . 
28.58 
47 

99.79 
0.18 
0.03 

19.35 
72.4 
89 
23 

46.4 

110+ 

4.0 


0.05 

17.81 

8.53 

1.91 

71.60 

117 

46.6 

*  7.08 
<  14.  58 
1  12.  06 

67 

50 


1  Test  specimen  100  grams;  thermometer  H  inch  from  bottom  of  flask;  flask  cooled  below  125°  C.  before  pouring  residue. 

■  Test  specimen  100  cubic  centimeters;  thermometer  H  inch  from  bottom  of  flask;  residue  poured  immediately  after  reaching  360°  C. 

3  Per  cent  by  weight. 

4  Per  cent  by  volume. 


At  the  time  the  bituminous  wearing  surfaces  were 
constructed  the  base  was,  in  general,  in  very  good  con- 
dition. Small  shrinkage  cracks  had  developed  to  a 
limited  extent  on  nearly  all  the  sections.  The  surface 
had  worn  unevenly  in  a  number  of  areas  which,  after 
wetting,  were  lightly  machined  to  restore  the  smooth 
cross  section.     The  thickness  of  the  marl  base  on  the 


several  sections  was  determined  prior  to  surfacing  and 
ranged  from  7  to  10  inches,  averaging  about  9  inches. 

CONSTRUCTION  OF  THE  SAND-CLAY  BASE 

The  sand-clay  base  upon  which  2}{  miles  of  the  project 
were  constructed  was  built  on  the  old  road  except  for  a 
short  relocated  section.     The  sand-clay  material  was 
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obtained  from  local  pits  and,  although  of  only  fair 
quality  for  this  type  of  construction,  largely  because  of 
lack  of  uniformity,  it  was  considered  the  best  available. 

Table  3. — Analysis  of  materials  used  in  the  cut-back  asphalts 
BASE  MATERIAL 


Material 

Laboratory  number.. 


Specific  gravity  25°/25°  C_ 

Flash  point,  °C 

Penetration  at  25°  C 

Softening  point,  °C _ 

Ductility  at  25°  C,  centimeters 

Percentage  loss  at  163°  C,  5  hours,  50  grams. 

Penetration  of  residue  at  25°  C. 

Bitumen  soluble  in  CSs,  per  cent 

Organic  matter  insoluble,  per  cent 

Inorganic  matter  insoluble,  per  cent 


00-70  pene- 

85-100 

tration 

penetration 

32700 

32701 

1.  021 

1.  020 

310 

305 

67 

100 

51.5 

47.4 

110+ 

110+ 

.ill 

.02 

58 

82 

99.88 

99.88 

.09 

.09 

.03 

.03 

DISTILLATE 

Laboratory  number 32702 

Specific  gravity,  25°/25°  C. 0.7S6 

Flashpoint,  °C 0.6 

Distillation:  "C. 

Initial  boiling  point... 78 

First  10  cubic  centimeters  over  at 134 

Second  10  cubic  centimeters  over  at 154 

Third  10  cubic  centimeters  over  at... 167 

Fourth  10  cubic  centimeters  over  at 174 

Fifth  10  cubic  centimeters  over  at 179 

Sixth  10  cubic  centimeters  over  at 183 

Seventh  10  cubic  centimeters  over  at 187 

Eighth  10  cubic  centimeters  over  at. 192 

Ninth  10  cubic  centimeters  over  at. 201 

End  point... 272 

Cubic 
centimeters 

Distillate 99.4 

Residue 1 

Loss .  5 

Table  4. — Analysis  of  tar  used  in  the  construction 


Grade  of  material 

Laboratory  number 

Sections  on  which  used. 


Material  used  as 

Specific  gravity,  25°/25°  C 

Viscosity,  Engler  at  40°  C 

Bitumen  soluble  in  CSj,  per  cent 

Organic  matter  insoluble,  per  cent... 
Inorganic  matter  insoluble,  per  cent. 
Water,  per  cent 


Fractions: 

Up  to  170°  C  . 
170°-235°  C_. 


235°-270°  C 

270°-300°C. 

Residue. 

Softening  point  of  residue, 


8-13  viscosity 

31939 

1-A,   1-B,  5,  6-A, 

6-B,  7-A,  and  10 


8-13  viscosity 

32534 

2-A,  2-B,  2-C,  3, 

4,  7-B,  7-C,  8,  and  9 


Primer. 

1.142 

11.74 

96.93 

2.65 

.02 

.40 


Primer. 

1.148 

11.05 

96.15 

3.81 

.04 


Distillation,  water-free  basis 


Character 

Fluid 

..do 


..do.... 
}i  solid. 


Per 

cent  by 

weight 

1.25 

6.93 

11.89 
8.40 
71.49 
43.2 


Character 

Fluid 

Trace  of 

solids. 
><.'.  solid.... 
Fluid 


Per 

cent  by 
weight 
1.05 
6.67 

11.57 

8.  15 

72.  10 

42.8 


Grade  of  material 

Laboratory  number 

Sections  on  whioh  used. 


Material  used  as 

Specific  gravity,  25°/25°  C 

Viscosity,  Engler  at  40°  C 

Bitumen  soluble  in  CSs,  per  cent 

Organic  matter  insoluble,  per  cent... 
Inorganic  matter  insoluble,  per  cent- 
Water,  per  cent 


Fractions: 

Up  to  170'  C . 
170°-235°  C... 
235°-270°  C... 
270°-300c  C... 


Residue 

Softening  point  of  residue,  °C. 


25-35  viscositv 

32504 
2-B  and  7-B 


25-35  viscosity 

32528 
2-B  and  7-B 


Mix.  Mix. 

1.  165  1. 165 

28.  52  27. 49 

96.  98  95.  92 

2.04  3.61 

.02  .07 

.96  .40 

Distillation,  water-free  basis 


Character 

Fluid 

Vi  solid.... 
%  solid.... 
Yz  solid.... 


Per 

cent  by 
weight 
0.53 
5.29 
8.89 
8.03 

77.26 
41.8 


Character 

Fluid 

..do 

J  2  solid 

Trace  of 
solids. 


Per 

cent  by 
weight 
1.07 

4.71 
10.  21  i 
7.89 

70.07 
41.4 


Test  results  on  samples  taken  from  the  finished  sand- 
clay  base  are  given  in  Table  8.  In  the  construction  the 
sand-clay  from  the  pit  was  spread  on  the  roadway, 
mixed  with  the  surface  material  by  means  of  disks  and 
plows,  and  consolidated  by  traffic.  In  general  the  sand- 
clay  failed  to  bond  readily  and  necessitated  considerable 
machining  after  rains.  In  a  few  areas  where  this  mate- 
rial continually  failed  to  bond  it  was  necessary  to  plow 
and  remix  and, in  some  cases,  to  add  additional  material. 
The  sand-clay  base  prior  to  the  construction  of  the 
bituminous  surfacing  was  variable  in  appearance  and 
composition.  Some  portions  were  well  bonded  and 
apparently  in  a  suitable  condition  for  surface  treatment, 
while  other  portions  showed  a  decided  tendency  to  dust 
and  ravel.  On  some  areas  where  patching  had  been 
done,  the  patches  peeled  off  for  lack  of  bond.  Attempts 
were  made  to  better  the  surface  condition  by  dragging 
but,  on  account  of  lack  of  uniformity  in  the  underlying 
material,  this  effort  did  not  entirely  correct  the  defects. 
In  general,  the  sand-clay  base  was  in  only  fair  condition 
when  the  experiments  were  built. 

SIDE  FORMS  USED  FOR  BOTH  TYPES  OF  CONSTRUCTION 

In  the  construction  of  the  mixed-in-place  sections  on 
both  the  marl  and  sand-clay  bases  side  forms  were  used 
except  where  otherwise  stated.  Bridge  plank,  3 
inches  by  8  inches  by  16  feet  long,  laid  flatwise,  were 
used.  They  were  laid  loosely  in  place  but  were  held  to 
line  by  stakes.  Before  the  stone  was  spread  for  mixing 
they  were  moved  in  about  a  foot  on  either  side.     The 

Table  5. — Analysis  of  asphalt  emulsion 

Laboratory  number 32505 

Section  on  which  used 2-C  and  7-C 

Specific  gravity  25°/25°  C 1.  009 

Viscosity,  Engler,  at  50°  C 1.  98 

Distillation  to  260°  C: 

Water,  per  cent  by  weight 47.  3 

Oil 1 Trace 

Residue,  per  cent  by  weight 52.  6 

Tests  on  residue  from  distillation: 

Specific  gravity,  25°/25°  C 1.  015 

Penetration  at  25°  C 113 

Softening  point,  °C 47.  8 

Ductility  at  25°  C.  (centimeters) 96.  5 

Bitumen  soluble  in  CS2,  per  cent 98.  94 

Organic  matter  insoluble,  per  cent .40 

Ash  (by  ignition),  per  cent .  66 

Table  6. — Grading  of  the  crashed  stone  used  in  the  construction 


Laboratory  number 

31906 

32520 

31946 

31947 

Sections  on  which  used  . 

.      1-A,  1-B, 

2-A.  2-B, 
2-C,  4, 

2A,  2-B, 

1-A,  1-B, 

2-C,  5,  6, 

3,  6-A, 

3,  4,  8,  and  9 

7-A,  7-B, 

7-A,  7-B, 

6-B,  8 

7-C 

7-C,  10 

Size,  inches 

m  to  h 

34  to  dust 

3 4  to  li 

JstoM 

SIEVE  ANALYSIS 


Passing — 

Retained 
on- 

Per  cent 
16 
23 

25 
12 

Per  cent 

Per  cent 

1^-inch 

1  Inch 

1-inch 
s^-inch.... 

1  _;-inch 

3i-inch 

10-mesh... 
20-mesh . . . 

Per  cent 

6 
53 
29 

7 
5 

1 

H-iiH'h 

J^-inch 

0.  1 
15  3 
32.5 
11  2 
11    1 
8.5 
10.4 
3.  1 
4.9 
2.9 

70 

25 

3 

1 

100-mesh 

100-raesh 

200-mesh 
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Table  7. — Analysis  of  bituminous  aggregates 


Lab- 
ora- 
tory 
num- 
ber 


31934 


32515 
31905 


32516 
32524 


32506 

32523 

32507 
32508 
32525 

32511 
32522 

31936 

32513 
31935 

32514 
31937 

32512 
32526 

32527 

.125(19 
32521 

32510 


Ex- 
peri- 
ment 
and 

sec- 
i  ion 
No. 


1-A 


1-A 

1-B 


1-B 
2-A 


2-A 
2-B 

2-B 
2-C 

3 

3 

4 

6-A 

6-A 
6-B 

6-B 

7-A 

7-A 
7-B 

8 
8 
9 

10 


Sampled 


Date 

(1929) 


Aug.   17 

Sept.  19 

Aug.     5 

Sept.  19 
Aug.  27 


Sept.  19 
Aug.  27 

Sept.  19 
-.do.... 
Aug.   24 

Sept.  19 
Aug.   23 


Aug.  15 

Sept.  19 
Aug.   14 

Sept.  19 
Aug.  14 

Sept.  19 
Sept.    7 

Aug.  31 
Sept.  19 
...do-.- 

— do-.. 


I 

tested 
( 1929) 


Time 


Upon    completion    of 

mixing. 
After  opening  to  traffic 
Upon    completion    of 

mixing. 
After  opening  to  traffic. 
Upon    completion    of 

mixing. 

After  opening  to  traffic. 
Upon    completion    of 

mixing. 
After  opening  to  traffic. 

do     

Upon    completion    of 

mixing. 
After  opening  tp  trallic. 
Upon    completion    of 

mixing. 
....do 

After  opening  to  traffic. 
Upon    completion     of 

mixing. 
After  opening  to  traffic. 
Upon    completion    of 

mixing. 
After  opening  to  traffic. 
Upon    completion    of 

mixing. 

do 

After  opening  to  traffic. 
Upon    completion    of 

mixing. 
After  opening  to  traffic. 


Nov. 


Nov.  II 
Nov.  4 


Nov.  11 
Nov.  4 


Nov.  11 
Nov.  5 

Nov.  12 
_-do._-. 
Nov.  5 


Nov.  12 
Nov.  5 

Nov.  6 

Nov.  13 
Nov.  6 

Nov.  13 
Nov.  6 

Nov.  13 
Nov.  7 

-„do... 

Nov.  14 
Nov.  7 

Nov.  14 


Sieve  analysis  of  mix 


Bitu- 
men, 

per 
cent 


2.3 
2.2 

3.4 
4.8 
3.8 

3.7 
I  6 

1.6 

4.2 
2.8 

2.6 
1.9 

2.9 
1.6 

3.5 
4.  1 
2.4 


lk- 
inch 

to 

1- 
inch 


2.  2 

13.0 

3.0 
2.5 

8.6 

3.8 
2.6 

16.9 
'11.3 


13.5 
2.7 


20.8 
3.3 


1- 

inch 
to 
14- 
inch 


6.4 
31.1 


10.3 
32.  3 


25.  2 
24.  5 


17.5 
6.2 


25.  6  .  34.  4 


12.4 
24.4 


10.7 

17.9 


17  6 
26.8 


2.0       5.6 


«■ 

inch 
to 
i  fl- 
inch 

',- 

inch 

to 

'i- 
incn 

14- 
inch 

to 

10- 

mesh 

10- 

mesh 

to 

40- 

mesh 

40- 

mesh 

to 

80- 

mesh 

80- 

mesh 

to 

200- 

mesh 

28.7 

16.8 

2.8 

5.5 

4.3 

0.  -' 

34.  ('. 
26.0 

26.5 
13.3 

9.0 
4.3 

10.8 
7.3 

4.  1 
5.1 

2.  9 
,  2 

44.8 
28.0 

16.4 
28.4 

7.  1 
4.5 

8.9 
1.6 

3.6 
1.3 

2.5 
_  2 

19.  2 
21.4 

21.0 
22.6 

7.7 
7.6 

3.  1 
1.9 

1.5 
1.4 

1.2 
.2 

19.0 
15.2 
8.1 

23.6 
26.8 
49.8 

9.6 
22.7 
20.  1 

5.2 
12.2 
10.3 

2.3 
3.6 

5.9 

2.  7 

3^3 

.2 

6.0 
13.7 

43.8 
55.7 

23.9 

22.2 

13.2 
3.4 

4.0 
2.0 

2.7 
.2 

13.4 

10.0 

3.2 

5.6 

4.5 

.2 

31.8 
20.2 

17.2 
13.3 

9.5 
5.0 

12.4 
7.1 

5.2 
5.1 

3.9 
.2 

41.6 

27.7 

15.9 
9.6 

9.7 
1.2 

7.3 
1.5 

4.2 

2.5 

2.6 
.2 

43.6 
30.8 

16.6 
18.8 

5.7 
5.3 

3.8 
2.4 

4.1 
4.4 

2.9 
.2 

8.4 
6.9 
12.8 

49.8 
34.0 
56.3 

19.5 
23.1 
21.4 

10.0 
14.7 
3.8 

6.7 

7.  9 
2.2 

.  2 

II  0 

.2 

17.4 

17.2 

11.3 

8.2 

15.9 

11.2 

Pass- 
ing 
200- 

mesh 


1.3 


2.7 
1.6 


2.6 
1.  1 


1.9 
1.  1 

3.2 
2.5 
1.8 


1.2 

1.2 

3.4 
1.1 

2.  1 
.9 

2.8 
1.5 

1.9 

3.3 

.9 

5.4 


Percentage  lost  on 
heating  at  60°  C. 
(based  on  percent- 
age of  bitumen) 


1  day 


4.76 


2.21 
17.15 

20~54 


5.67 


8.41 

7.57 


2.  54 
"2" 74' 


7.57 
6.95 
6.92 


5  days  10  days 


6.09 


3.41 


7.41 


4.81 


20.79  !  22.42 


21.31      22.59 


7.01 


9.46  1   12.16 
8.  23      10.  45 


3.41   j     4.92 
~4.~42T"5.~47 


11.49  15.16 
9.37  ;  10.25 
li.~49~i  12."77" 


Remarks 


Sampled  before  sealing. 
Sampled  after  sealing. 

Sampled  before  sealing. 

Do. 
Sampled  after  sealing. 

No  seal  used. 

Sampled  after  sealing. 
Sampled  before  sealing. 
Sampled  after  sealing. 

No  seal  used. 
Sampled  before  sealing. 


1  Sample  contained  5.8  per  cent  passing  the  lj^-inch  sieve  and  retained  on  the  lj^-inch. 

Table  8. — Analysis  of  sand-clay  base 


Laboratory  number 


31915 
31911 
31909 
31913 
31908 
31910 
31916 
31912 
31914 
32517 
32519 
32518 
31901 
31902 
31903 
31904 


Location 


Experi- 
ment 


6-A 

6-A 

6-B 

6-B 

6-B 

6-B 

7-A 

7-A 

7-A 

7-B 

7-B 

7-B 

10 

10 

10 

10 


Station 


113+43 
117+60 
107+54 
120+29 
124+06 
128+64 
135+15 
139+49 
cei  ■  91; 
201+00 
205+00 
209+00 
166+50 
187+00 
193+00 
198+00 


Mechanical  analysis  ' 
Percentage  of  particles  having  diameters  smaller  than— 


2  rail-      0.5  mil- 
limeters   limeter 


99 
99 
99 

100 
99 

100 
99 

100 
99 
99 

100 
100 
100 

too 
100 


0.25  mil- 

0.05 mil- 

0.005 
milli- 
meter 

limeter 

limeter 

82 

30 

19 

75 

29 

19 

70 

27 

16 

75 

30 

21 

70 

24 

16 

71 

29 

19 

78 

18 

11 

69 

24 

17 

79 

20 

12 

80 

22 

14 

NO 

22 

14 

73 

18 

10 

80 

30 

21 

83 

21 

11 

85 

28 

17 

ss 

23 

15 

0.001 
milli- 
meter 


Liquid 

limit 


Plas- 
ticity 
.  index 


Shrinkage 


Limit 


Patio 


1.8 
1.8 
1.8 
1.8 


18 

1.8 

17 

1.8 

18 

17 

1.8 
1.8 

18 

1.8 

17 

1.8 

Moisture 
eqivalent 


Centri- 
fuge 


Field 


16 
14 
19 
20 
14 
19 

9 
14 
13 
13 
16 
11 
18 

9 
15 
13 


Sub- 
grade 
group  2 


A-2 
A-2 
A-2 
A-2 
A-2 
A-2 
A-3 
A-2 
A-2 
A-l 
A-l 
A-3 
A-2 
A-3 
A-2 
A-2 


1  Particles  above  0.10  millimeter  in  diameter  by  sieve  method,  Particles  below  0.10  millimeter  in  diameter  by  hydrometer  method. 

2  The  classification  of  subgrade  soils  in  groups  is  discussed  in  the  article,  Subgrade  Soil  Constants,  Their  Significance,  and  Their  Application  in  Practice,  Public  Roads, 
vol.  12,  No.  4,  June,  1931,  pp.  105-108.    The  characteristics  of  the  3  groups  represented  here  are  described  as  follows: 

"  Group  A-l. — Well  graded  material,  coarse  and  fine,  excellent  binder.  Highly  stable  under  wheel  loads,  irrespective  of  moisture  conditions.  Functions  satisfactorily 
when  surface  treated  or  when  used  as  a  base  for  relatively  thin  wearing  courses. 

"  Group  A-2. — Coarse  and  fine  materials,  improper  grading  or  inferior  binder.  Highly  stable  when  fairly  dry.  Likely  to  soften  at  high  water  content  caused  either  by 
rains  or  by  capillary  rise  from  saturated  lower  strata  when  an  impervious  cover  prevents  evaporation  from  the  top  layer,  or  to  become,  loose  and  dusty  in  long-continued 
dry  weather. 

"  Group  AS. — Coarse  material  only,  no  binder.  Lacks  stability  under  wheel  loads  but  is  unaffected  by  moisture  conditions.  Furnishes  excellent  support  for  flexible 
pavements  of  moderate  thickness  and  for  relatively  thin  rigid  pavements," 


stone  was  then  roughly  leveled  to  the  forms,  the  bitumi- 
nous material  applied,  and  the  mixing  operation  carried 
out.  Prior  to  spreading  the  mix  the  forms  were  set 
back  in  place  and  left  there  during  the  spreading,  shap- 
ing, and  rolling,  after  which  they  were  removed.  Imme- 
diately after  their  removal  the  shoulders  were  built  up 
with  earth  to  protect  the  edges  of  the  treatments. 


Five  experiments,  in  which  various  bituminous  mate- 
rials and  grades  of  aggregate  were  used,  were  con- 
structed upon  the  marl  base  and  duplicate  experiments 
were  built  upon  the  sand-clay  base.  Some  of  the  exper- 
iments were  subdivided  so  that  the  project  embraces 
a  total  of  16  sections,  each  of  which  is  described  in 
detail  in  the  following  pages. 


November,  1931 


PUBLIC    ROADS 


221 


Left:  Appearance  of  Sand-clay  Sectjon  During 
Machining  and  Compaction  Under  Traffic  prior 
to  Constructing  the  Bituminous  Surface 


Below:  Sand-clay  Base  Primed  and  Ready 
for  the  Stone  to  be  Spread 


Right:  To  Prevent  Segregation,  where  Both 
Coarse  and  Fine  Stone  were  Used  in  a 
Mix,  the  Coarse  Aggregate  was  Spread 
First  and  Given  an  Application  of  Bitu- 
minous Material,  after  which  the  Fine 
Stone  was  Spread  as  Shown. 


Figure  2.- — Preparation  for  Mixed-in-Place  Construction  on  Sand-Clay  Base 
EXPERIMENTAL  SECTIONS  CONSTRUCTED  ON  MARL  BASE 


Prior  to  the  construction  of  the  wearing  surface,  the 
marl  base  was  thoroughly  swept  and  given  a  prime  coat 
of  8-13  viscosity  tar  applied  at  a  temperature  of  125° 
to  155°  F.  The  amount  used  on  each  section  is  given 
in  the  text  and  in  Table  1  and  the  analysis  in  Table  4. 
The  tar  was  not  absorbed  by  the  marl  as  quickly  as  by 
the  sand-clay,  but  a  penetration  of  about  %  inch  was 
obtained.  The  primed  surface  presented  a  uniform, 
dull  black  appearance  except  for  a  few  spots  where  clay 
balls  appeared.  These  remained  bright  and  glossy  as 
the  tar  did  not  penetrate  the  dense  clay.  It  did,  how- 
ever, penetrate  around  the  clay  so  that  upon  its  removal 
a   completely   primed   surface   was   exposed.     On   un- 


shaded areas  traffic  seemed  not  to  affect  the  primed 
surface  nor  did  the  machine  mixing  appear  to  damage 
it  to  any  great  extent.  On  some  areas  which  were 
partly  shaded  the  prime  coat  penetrated  more  slowly 
and  did  not  form  such  a  firm  crust,  possibly  because  of  the 
higher  percentage  of  moisture  present  in  the  marl  in  these 
shaded  areas.  Traffic  over  these  areas  picked  up  the 
primed  surface,  necessitating  considerahle  repriming  by 
hand.  Hauling  over  these  portions  of  the  primed  sur- 
faces was  discontinued  and  during  construction  the  stone 
was  distributed  by  backing  the  trucks  in  over  that  previ- 
ously spread.  The  wearing  surfaces  were  not  constructed 
until  the  primer  had  penetrated  and  thoroughly  dried. 
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MIXED-IN-PLACE  SECTIONS 

Experiment  /,  section  B,  stations  13  +  28  to  24  +  50. — 
The  method  of  construction  and  the  amounts  of  mate- 
rial per  square  yard  used  on  this  section  were  as  follows: 

Mix:  1.8  inches,  compacted;  156  pounds  of  V/i  to  !i  inch 
crushed  stone,  36.5  pounds  of  ){  inch  to  dust,  and  1.03  gallons  of 
85-100  penetration  asphalt  cut  back  with  naphtha. 

Seal:  0.29  gallon  of  the  same  bituminous  material  was  applied 
and  covered  with  15  pounds  of  %  to  Yi  inch  stone  chips. 

Section  1-B  was  the  first  of  the  mixed  sections  con- 
structed and  was  necessarily  more  experimental  in 
character  than  the  others.  Considerable  latitude  was 
permitted  by  the  outline,  which  did  not  specify  the 
exact  details  of  construction.  As  might  be  expected, 
some  methods  tried  out  were  unsatisfactory  and  were 
modified  or  discarded. 

The  tar  prime  coat  was  applied  at  the  rate  of  0.27 
gallon  per  square  yard. 

One  hundred  and  fifty -six  pounds  of  the  1%  to  %  inch 
stone  per  square  yard  were  cast  between  the  forms  from 
stock  piles  at  the  sides  and  then  leveled  off  with  a  drag, 
after  which  a  single  application  of  0.46  gallon  per  square 
yard  of  cut-back  asphalt  was  spread.  Thirty-six  and 
one-half  pounds  of  the  fine  aggregate  per  square  yard 
were  then  spread  as  uniformly  as  possible  with  shovels 
and  followed  by  an  application  of  0.57  gallon  of  the 
same  bituminous  material. 

MLxing  was  begun  immediately  with  a  heavy  4-way 
road  drag  pulled  by  a  10-ton  tractor  but  the  results 
obtained  were  not  satisfactory.  The  amount  of  aggre- 
gate was  more  than  the  drag  could  handle,  and  when  the 
blades  were  raised  to  lighten  the  load  considerable 
material  was  necessarily  dropped,  so  that  after  a  few 
trips  with  the  drag  it  was  distributed  very  nonuniformly 
throughout  the  section.  A  12-foot  road  machine  was 
then  substituted  for  the  drag  and  was  entirely  satis- 
factory for  the  mixing  operation.  Because  of  the 
unevenness  of  the  surface  caused  by  the  drag,  it  was 
impossible  to  redistribute  the  mix  to  a  uniform  thick- 
ness with  the  blade  grader,  and  for  this  reason  consider- 
able work  was  done  by  hand  and  with  trucks  during  the 
spreading  operation.  The  rate  of  mixing  on  this  sec- 
tion was  somewhat  slow  due  to  the  inexperience  of  the 
operators,  with  the  result  that  mixing  was  not  com- 
pleted during  the  first  day  and  the  partly  mixed  mate- 
rial was  left  windrowed  in  the  center  over  Sunday.  By 
Monday  morning  a  hard  crust  had  formed  on  the 
outside  of  the  windrow  but  during  the  mixing  it  broke 
up  readily.  Final  shaping  and  smoothing  was  done 
very  successfully  with  the  drag.  However,  some  hand- 
work was  necessary,  particularly  along  the  edges.  This 
was  required  on  practically  all  of  the  mixed  sections. 

During  the  mixing  operation  there  was  very  littl 
tendency  for  the  aggregates  to  segregate  or  for  the  fine 
aggregate  to  ball  up.  Because  of  the  stiffness  of  the 
mix,  some  segregation  did  occur  during  the  final  shaping 
of  the  section,  with  the  result  that  the  center  7  or  8  feet 
presented  a  more  porous  and  open  appearance  than  the 
remainder  of  the  surface. 

Rolling  with  a  10-ton  3-wheel  roller  was  begun 
immediately  after  final  shaping  was  completed.  As  the 
operators  were  inexperienced  and  the  roller  was  not  in 
good  mechanical  condition,  the  rolling  was  not  pros- 
ecuted as  speedily  or  as  efficiently  as  desirable  but  was 
carried  on  intermittently  for  several  days.  A  reason- 
able degree  of  surface  smoothness  was  obtained,  but  it 
was  evident  that  better  compaction  would  have  resulted 


had  the  construction  operation  been  more  rapidly 
carried  out. 

After  about  three  weeks  under  traffic  it  was  apparent 
that  a  seal  coat  was  necessary.  The  surface  was  porous 
and  raveling  of  the  larger  stone  had  started  in  numerous 
places.  A  higher  percentage  of  fines  in  the  mix,  with  a 
corresponding  increase  in  cut-back  asphalt,  would  have 
given  a  more  closed  surface  and  would  probably  have 
eliminated  the  necessity  for  a  seal.  The  seal  treatment 
consisted  of  0.29  gallon  per  square  yard  of  the  same 
type  of  bituminous  material  as  was  used  in  the  mix  and 
a  cover  of  15  pounds  of  %  to  %  inch  crushed  granite 
spread  by  hand  and  rolled. 

The  cost  of  constructing  the  bituminous  surface  on 
this  section  was  72.58  cents  per  square  yard  or  $8,516 
per  mile  for  a  20-foot  width.  This  cost  was  relatively 
high  largely  because  of  the  methods  and  delays  in 
mixing  and  rolling. 

Experiment  1,  section  A,  stations  0  +  00  to  13  +  28. — ■ 
The  method  of  construction  and  the  amounts  of  mate- 
rial per  square  yard  used  on  this  section  were  as  follows: 

Mix:  1.8  inches  compacted;  154  pounds  of  1)4  to  \i  inch 
crushed  stone,  38  pounds  of  ){  inch  to  dust,  and  0.91  gallon  of 
60-70  penetration  asphalt  cut  back  with  naphtha. 

Seal:  0.42  gallon  of  the  same  bituminous  material  and  30 
pounds  of  %  to  }i  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.27  gallon 
per  square  yard. 

The  mixed  surface  was  constructed  essentially  in  the 
same  manner  as  that  of  section  B.  The  amounts  of 
bituminous  material  used  in  the  mix  were  0.43  and  0.48 
gallon  per  square  yard,  respectively,  for  the  two  appli- 
cations. Mixing  was  done  entirely  with  the  blade 
grader.  Initial  rolling  was  done  approximately  18 
hours  after  mixing  was  completed  and,  in  contrast  to 
the  previous  section,  a  closed  surface  was  obtained. 
This  early  rolling,  having  sealed  a  greater  portion  of  the 
naphtha  in  the  mix,  necessitated  rolling  only  in  the 
heat  of  the  day  to  prevent  cracking  or  checking  and 
also  to  obtain  maximum  compression.  This  operation 
was  continued  for  a  week. 

The  section  was  then  opened  to  traffic  for  one  month, 
during  which  period  the  surface  showed  some  signs  of 
raveling  and  the  need  of  a  seal  treatment.  This  was 
applied  in  the  following  manner:  15  pounds  of  %  to  Y\ 
inch  stone  per  square  yard  were  spread  and  subjected 
to  traffic  for  two  days,  after  which  the  loose  stone 
was  swept  to  the  sides  and  0.42  gallon  per  square  yard 
of  the  same  material  as  used  in  the  mix  was  applied. 
The  stone  at  the  sides  was  then  respread  on  the  sur- 
face and  thoroughly  rolled.  After  10  days  under 
traffic  it  was  apparent  that  more  cover  stone  was 
needed  and  an  additional  15  pounds  were  spread  but 
not  rolled. 

This  method  of  first  applying  the  stone  and  subjecting 
it  to  traffic  prior  to  the  application  of  the  bituminous 
material  was  tried  out  experimentally  with  the  view  of 
developing  some  suitable  type  of  seal  treatment  for  sur- 
faces that  were  in  a  raveled  or  very  open  condition.  It 
proved  very  effective,  in  that  the  action  of  traffic  over 
the  loosely  spread  stone  forced  it  into  the  larger  voids, 
requiring  less  bituminous  material  for  the  seal  and  pre- 
venting its  draining  to  the  bottom  because  of  the  open 
surface  texture.  This  method  was  used  on  some  of  the 
other  sections  where  the  surface  conditions  were  similar 
to  that  mentioned  above. 

The  cost  of  constructing  this  section  was  66.12  cents 
per  square  yard  or  $7,758  per  mile. 
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Right:  Mixing  with   a  Heavy  Four-way 
Drag  Did  Not  Prove  Satisfactory 


Left:  Method  of  Obtaining  Thickened  Edge 
on  the  Sand-clay  Mixed  Sections  by  the 
Use  of  Both  Forms  and  Trench 


Figure  3. — Mixed-in-Place  Construction 


Experiment  2,  section  A,  stations  24  +  50  to  39  +  60.— 
The  method  of  construction  and  the  amounts  of 
material  per  square  yard  used  on  this  section  were  as 
follows : 

Mix:  2  inches  compacted;  180  pounds  of  1%  to  'i  inch  stone 
and  0.69  gallon  of  85-100  penetration  cut-back  asphalt. 

Seal:  An  average  of  0.30  gallon  of  the  same  bituminous 
material  was  applied  and  covered  with  an  average  of  18  pounds 
of  %  to  ti  inch  stone  chips.  This  section  was  sealed  in  two 
separate  portions. 


The  tar  primer  was  applied  at  the  rate  of  0.31  gallon 
per  square  yard. 

The  details  of  construction  were  essentially  the  same 
as  in  tlie  case  of  the  preceding  section,  except  that  the 
aggregate  used  was  1%  to  )'A  inch  in  size  with  no  fines 
added  and  the  bituminous  material  was  applied  at  the 
rate  of  0.G9  gallon  per  square  yard  in  a  single  application. 

The  seal  coat  was  applied  three  weeks  later.  On  the 
portion  from  station  31  +67  to  39  I  00  the  same  method 
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of  seal  treatment  was  used  as  was  employed  on  experi- 
ment 1,  section  A;  that  is,  the  stone  was  spread  and 
subjected  to  traffic  before  applying  the  bituminous 
material.  Twenty-three  hundredths  gallon  of  bitu- 
minous material  per  square  yard  and  about  20  pounds 
of  %  to  '.)  inch  stone  were  used  on  this  portion.  The 
method  of  seal  treatment  used  on  the  remainder  of  the 
section  consisted  of  an  application  of  0.38  gallon  of 
bituminous  material  per  square  yard  and  covering  with 
15  pounds  of  %  to  %  inch  stone. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  70.34  cents  per  square  yard  or  $8,253 
per  mile. 

Experiment  2,  section  B,  stations  39  +  60  to  52  +  00.— 
The  method  of  construction  and  the  amounts  of  mate- 
rial per  square  yard  used  on  this  section  were  as  follows: 

Mix:  2  inches  compacted;  175  pounds  of  1 '  4  to  l4  inch  crushed 
stone  and  0.89  gallon  of  25-35  viscosity  tar. 

Seal:  0.23  gallon  of  the  same  bituminous  material  and  15 
pounds  of  r\  to  '4  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.29  gallon 
per  square  yard. 

This  section  was  constructed  in  essentially  the  same 
manner  as  the  preceding  section.  The  amount  of 
coarse  stone  used  was  175  pounds  per  square  yard. 
An  application  of  one-half  gallon  of  25-35  viscosity  tar 
was  spread  on  the  stone  but  rain  fell  before  mixing  could 
be  begun.  On  the  following  day  when  the  materials 
were  dried  out  and  mixing  was  about  completed  it  was 
evident  that  more  bituminous  material  would  be  neces- 
sary to  secure  a  bonded  mix.  Accordingly,  a  second 
application  of  0.39  gallon  was  spread  which,  with  addi- 
tional mixing,  produced  a  well  bonded  mix.  The  total 
amount  in  the  mix  was  0.89  gallon  per  square  yard. 

The  seal  coat  was  not  applied  until  after  about  two 
months,  during  which  traffic  was  permitted  to  use  the 
section.  No  raveling  occurred  although  the  surface 
was  fairly  open.  The  seal  consisted  of  an  application 
of  0.23  gallon  of  the  same  tar  as  used  in  the  mix  and  15 
pounds  of  '%  to  }{  inch  stone.  After  the  stone  was 
spread  the  section  was  rolled. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  79.40  cents  per  square  yard  or  $9,316 
per  mile. 

Experiment  2,  section  C,  stations  52  +  00  to  66  +  00.— 
The  method  of  construction  and  the  amounts  of  mate- 
rial per  square  yard  used  on  this  section  were  as  follows: 

Penetration  course:  2.3  inches  compacted;  165  pounds  of  1J4 
in  '4  inch  stone,  37  pounds  of  U  inch  to  dust,  and  1.27  gallons  of 
asphalt  emulsion. 

Seal:  0.23  gallon  of  the  same  bituminous  material  and  1.5 
pounds  of  r's  to  l/{  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.28  gallon 
per  square  yard. 

It  was  planned  originally  to  construct  this  section  in 
the  same  manner  as  the  two  preceding  sections  but  the 
producers  of  the  emulsion  objected  and  requested  that 
a  modified  type  of  penetration  construction  be  sub- 
stituted. It  was  decided  to  construct  this  section 
according  to  their  recommendations.  The  construction 
which  is  here  described  was  done  under  their  direction 
and  with  the  approval  of  their  representatives. 

The  side  forms  were  kept  to  line  during  the  construc- 
tion of  this  section.  Thirty-seven  pounds  per  square 
yard  of  stone,  %  inch  to  dust,  were  spread  upon  the 
primed  base  and  leveled  with  a  strike-off  board  to  a 
uniform  depth  of  approximately  Yi  inch.  One  hundred 
and  sixty-five  pounds  of  1%  to  Y*  inch  stone  were  then 
spread  by  hand,  shaped  with  the  drag  to  the  proper 
cross    section,    sprinkled    with   water,    and    thoroughly 


rolled.  A  strip  one  foot  wide  at  each  edge  was  given 
an  application  of  emulsion,  after  which  the  entire  sec- 
tion received  an  application  of  0.44  gallon  per  square 
yard.  Water  was  applied  immediately  to  wash  th° 
emulsion  down  into  the  fine  aggregate  and  the  section 
was  again  thoroughly  rolled.  The  purpose  of  the 
second  rolling  was  to  force  the  mortar  of  fine  stone  and 
emulsion  up  part  way  through  the  interstices  of  the 
coarser  stone  and  upon  drying  to  leave  them  partially 
embedded.  Actually,  however,  this  did  not  occur. 
The  water  drained  away  to  the  side  ditches  carrying 
an  undetermined  amount  of  emulsion  with  it.  During 
the  rolling  process  approximately  8  pounds  of  %  to  % 
inch  stone  were  spread  over  the  surface  to  fill  the  sur- 
face voids. 


Figure  4. — Spreading  the  Coarse  Stone  on  the  Fixe 
Stone  Cushion.  This  Section,  Experiment  2-C,  Was 
Constructed  with  Asphalt  Emulsion  by  a  Modified 
Penetration  Method 

The  following  day  a  second  application  of  the  emul- 
sion was  spread  at  the  rate  of  0.83  gallon  and  followed 
immediately  with  7  pounds  of  %  to  %  inch  stone.  The 
section  was  then  thoroughly  rolled. 

The  seal  coat  was  applied  one  week  later  after  the 
surface  had  been  swept  and  loose  or  raveled  places 
patched.  The  treatment  consisted  of  an  application 
of  0.23  gallon  of  emulsion  and  15  pounds  of  %  to  % 
inch  stone. 

An  inspection  of  the  section  shortly  after  construc- 
tion showed  that  the  first  application  of  emulsion  had 
not  penetrated  the  cushion  course  as  intended,  but  had 
to  a  great  extent  been  carried  off  with  the  water  used 
to  wash  it  down. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  84.62  cents  per  square  yard  or  $9,928 
per  mile. 

Experiment  3,  stations  79  +  20  to  92  +  40.— The  method 
of  construction  and  the  amounts  of  material  per  square 
yard  used  on  this  section  were  as  follows: 

Mix:  1.8  inches  compacted;  162  pounds  of  %  to  }i  inch  stone 
and  38  pounds  of  stone  %  inch  to  dust  with  1.19  gallons  of  85- 
100  penetration  asphalt  cut-back. 

Seal:  No  seal  treatment  was  required. 

The  tar  primer  was  applied  at  the  rate  of  0.30  gallon 
per  square  yard. 

The  mixed  course  was  constructed  in  the  same  manner 
as  experiment  1.  The  coarse  stone  was  only  %  to  Y 
inch  in  size  but  there  was  no  tendency  of  the  mix  to 
ball  up  or  segregate.  A  total  of  1.19  gallons  of  bitumi- 
nous material,  spread  in  two  applications,  was  used. 
After  initial  rolling,  but  while  it  was  still  in  a  plastic 
condition,  the  surface  was  somewhat  rutted  by  local 
traffic  which  could  not  be  detoured.     A  drasr  was  used 
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to  fill  the  ruts  and  some  of  the  stone  was  thus  left  in  a 
loose  condition.  However,  it  compacted  under  traffic 
and  additional  rolling  without  apparent  damage  to  the 
section.  The  resultant  mix  was  well  closed  and  no  seal 
treatment  was  given. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  G1.07  cents  per  square  yard  or  $7,165 
per  mile. 

Experiment  4,  stations  92  +  40  to  105  +  84.— The 
method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Mix:  1.8  inches  compacted;  157  pounds  of  ::(  t<>  '  i  inch  stone 
and  0.72  gallon  of  85-100  penetration  asphalt,  cut-back. 

Seal:  An  average  of  0.22  gallon  of  the  same  bituminous  ma- 
terial was  applied  and  covered  with  15  pounds  of  %  to  ',  inch 
stone  chips.     This  section  was  sealed  in  two  separate  portions. 

The  tar  primer  was  applied  at  the  rate  of  0.26  gallon 
per  square  yard. 

The  method  of  construction  of  this  section  was 
essentially  the  same  as  that  of  sections  2-A  and  2-B 
except  that  the  coarse  stone  was  ;;:;  to  ){ inch.  Seventy- 
two  hundredths  gallon  of  asphalt  was  spread  in  one 
application  which  apparently  was  not  enough,  as  the 
mix  did  not  compact  and  knead  to  any  great  extent 
under  the  roller.  Upon  opening  to  traffic  the  unlace 
raveled  but  the  approach  of  cold  weather  made  remix- 
ing undesirable  and  it  was  decided  to  correct  surface 
failures  by  means  of  a  seal  treatment.  Two  adjacent 
portions  of  the  section,  each  about  100  feet  long,  were 
selected  for  trying  out,  in  an  experimental  way, 
methods  of  treating  the  section.  On  one  portion  the 
loose  stone  was  swept  to  the  roadside  and  piled,  while 
on  the  other  it  was  uniformly  redistributed  on  the 
surface.  Both  portions  were  then  given  an  applica- 
tion of  approximately  one-third  gallon  of  bituminous 
material  per  square  yard.  The  stone  was  respread 
on  the  first  portion  with  an  additional  amount  to 
make  about  15  pounds  per  square  yard  and  both 
portions  then  thoroughly  rolled.  Rolling  of  the  portion 
on  which  the  stone  was  not  removed  and  respread 
presented     little     difficulty.     When     the     bituminous 


material  became  somewhal  sticky,  the  use  of  kerosene 
on  the  roller  wheels  prevented  picking  up.  It  was 
noted  on  the  following  day  that  the  bituminous  ma- 
terial had  penetrated  the  mix  to  approximately  the 
same  depth  on  both  portions  and  thai  the  area  on 
which  the  loose  stone  was  first  removed  showed  a 
somewhat  better  surface  appearance.  Consequently 
this  method  was  used  to  seal  the  remaining  portion. 
Twenty-two  hundredths  gallon  of  bituminous  material 
was  used  with  a  total  of  15  pounds  of  stone. 

The  cost  of  constructing  the  bituminous  sin-face  of 
this  section  was  .r).r).4(i  cents  per  square  yard  or  $6,507 
per  mile. 

SECTION    GIVEN  ORDINARY  SURFACE  TREATMENT 

Experiment  5,  stations  66  +00  to  79  I  20. — The  method 
of  construction  and  the  amounts  of  materia]  per  square 
yard  used  on  this  section  were  as  follows: 

Forty-four  hundredths  gallon  of  85  100  penetration  asphalt 
cut-back  was  applied  and  covered  with  50  pounds  of  1)1  to 
1 1  inch  crushed  stone. 

Retreatment:  (Stations  66+00  to  73  +  40). 

Thirty-six  hundredths  gallon  of  the  same  bituminous  material 
was  applied  and  covered  with  15  pounds  of  %  to  \  inch  crushed 
stone. 

The  tar  primer  was  applied  at  the  rate  of  0.33  gallon 
per  square  yard.  The  asphalt  was  applied  at  the  rate 
of  0.44  gallon  per  square  yard  and  immediately  covered 
with  50  pounds  of  1%  to  %  inch  stone.  The  surface 
was  then  throughly  rolled  but  was  not  opened  to 
traffic  until  the  following  day.  The  rolling  operation 
was  continued  intermittently  for  several  days,  during 
which  the  stone  displaced  by  traffic  was  respread  with 
brooms  and  shovels.  Some  early  patching  was  required 
and  the  portion  between  stations  66  +  00  and  73  +  40 
was  sealed  three  months  after  the  construction.  For 
the  seal  coat,  0.36  gallon  of  the  85-100  penetration 
cut-back  asphalt  and  15  pounds  of  %  to  %  inch  stone 
were  spread  and  rolled. 

The  cost  of  constructing  this  surface  treatment  was 
28.47  cents  per  square  yard  or  $3,340  per  mile. 


EXPERIMENTAL  SECTIONS  CONSTRUCTED  ON  SAND-CLAY  BASE 


The  experimental  sections  built  on  the  sand-clay 
base  were  identical  in  type  of  construction  and  material 
used  with  those  constructed  on  the  marl  base  and  are 
numbered  correspondingly;  i.  c.,  Nos.  1  and  6  are 
identical,  2  and  7,  etc. 

Prior  to  applying  the  primer  on  the  mixed  sections,  a. 
triangular  trench  was  cut  with  the  grader  on  each  side 
of  the  road  to  provide  for  a  thickening  of  the  edges. 
The  trench  was  approximately  1  foot  wide  and  4  inches 
deep  on  the  outside  edge  but  was  very  irregular  be- 
cause of  the  nonuniformity  of  the  sand-clay.  The 
sections  were  swept  and  all  loose  material  was  removed, 
following  which  action  the  base  was  primed  with  8-13 
viscosity  tar  applied  at  a  temperature  of  125°  to  155°  F. 
As  was  expected,  the  penetration  into  the  sand-clay 
base  varied  with  the  composition  of  the  material  pene- 
trated. In  general,  the  primer  penetrated  readily  and 
appeared  to  be  of  considerable  assistance  in  bonding 
the  surface  and  forming  a  stable  crust.  During  the 
mixing  process  the  primed  base  was  damaged  consid- 
erably in  some  areas  by  the  wheels  of  the  road  machines 
and  the  cleats  of  the  tractors. 

Side  forms  were  used  on   some  sections  as  noted. 
Edge  protection  was  provided   after  construction    by 
building  up  the  shoulders  with  sand-clay. 
81677— 31— -2 


MIXED-IN- PLACE  SECTIONS 

Experiment  6,  section  A,  stations  105  +  84  to  119  +  99  — 
This  section  corresponds  to  Experiment  1,  section  A. 
The  method  of  construction  and  the  amounts  of  mate- 
rial used  per  square  yard  were  as  follows: 

Mix:  2  inches  compacted;  171  pounds  of  l'i  to  !.|  inch  stone, 
40  pounds  of  ']  inch  to  dust,  and  1  gallon  of  (50-70  penetration 
asphalt  cut  back  with  naphtha. 

Seal:  0.34  gallon  of  85-100  penetration  asphalt  cut-hack  was 
applied  and  covered  with  15  pounds  of  \  to  '>  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.33  gallon 
per  square  yard. 

After  the  surface,  including  the  area  occupied  by  the 
trenches,  was  primed  the  side  forms  were  placed  inside 
the  trenches  to  prevent  the  untreated  stone  from  get- 
ting into  them.  The  process  of  mixing  was  the  same 
as  that  used  on  the  corresponding  section  on  the  marl 
base.  The  bituminous  material  was  applied  in  two 
applications  at  the  rates  of  0.41  and  0.50  gallon,  respec- 
tively. The  appearance  and  behavior  of  this  mix  was 
very  similar  to  that  of  the  corresponding  section  on  the 
marl  base,  in  thai  its  surface  appeared  lean  and  raveled 
somewhat  immediately  following  construction.  A  seal 
coat  was  deemed  necessary  and  was  applied  one 
month  after  construction.     It  consisted  of  0.3  1  gallon 
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of  85-100  penetration  asphalt  cut-back  and  a  cover  of 
15  pounds  of  %  to  %  inch  stone  which  was  spread  by 
hand  and  rolled.  Substitution  of  the  85-100  cut-back 
for  the  60-70  material  was  done  through  error. 

The  cost  of  constructing-  the  bituminous  surface  of 
this  section  was  72.53  cents  per  square  yard  or  $8,510 
per  mile. 

Experiment  6,  section  B,  stations  119  +  99  to  132  +  00  — 
This  section  corresponds  to  experiment  1,  section  B. 
The  method  of  construction  and  the  amounts  of 
material  used  per  square  yard  were  as  follows: 

Mix:  2  inches  compacted;  170  pounds  of  \\{  to  \\  inch  crushed 
stone,  42  pounds  of  }i  inch  to  dust  and  1.09  gallons  85-100 
penetration  asphalt  cut  back  with  naphtha. 

Seal:  0.23  gallon  of  the  same  bituminous  material  and  15 
pounds  of  Y%  to  l/4  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.39  gallon 
per  square  yard.  In  general,  this  quantity  penetrated 
readily.  However,  on  a  portion  of  the  section  situated 
on  a  superelevated  curve  the  amount  was  somewhat 
excessive  as  some  of  the  material  flowed  to  the  side 
trenches. 

An  application  of  asphalt,  0.49  gallon,  was  made  on 
the  coarse  aggregate  late  in  the  day  and  immediately 
covered  with  fines.  The  following  morning  the  second 
application,  0.60  gallon,  was  spread  and  mixing  was 
begun.  During  the  mixing  operation  the  primed 
surface  of  the  base  was  damaged  in  a  few  places  by 
the  tractors  and  road  machines.  The  sand-clay  thus 
loosened  was  removed  as  much  as  possible.  After 
mixing  and  spreading  were  completed  but  before  the 
section  was  rolled  a  heavy  rain  fell,  which  penetrated 
the  mix  to  the  1  ase.  During  the  rolling  process  a 
number  of  spongy  areas  appeared  where  the  softened 
base  had  worked  into  the  mix.  These  were  removed 
and  replaced  with  good  material. 

Traffic  was  permitted  on  the  section  for  about  three 
months  before  it  was  sealed.  During  this  time  very 
little  raveling  had  occurred  although  the  surface 
appeared  fairly  lean. 

The  seal  coat  consisted  of  an  application  of  0.23 
gallon  of  the  same  bituminous  material  as  was  used  in 
the  mix,  covered  with  15  pounds  of  %  to  %  inch  stone 
and  rolled. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  72.10  cents  per  square  yard  or  $8,459 
per  mile. 

Experiment  7,  section  A,  stations  132  +  00  to  144  +  20  — 
This  section  corresponds  to  experiment  2,  section  A. 
The  method  of  construction  and  the  amounts  of  materia] 
used  per  square  yard  were  as  follows: 

Mix:  2  inches  compacted;  178  pounds  of  1}{  to  J4  inch  stone 
and  0.77  gallon  of  85-100  penetration  asphalt  cut-back.  Mixed, 
shaped,  and  rolled. 

Seal:  0.27  gallon  of  the  same  bituminous  material  was  applied 
and  covered  with  18.3  pounds  >>i   %  to  ',  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.29  gallon 
per  square  yard.  The  penetration  averaged  %  inch. 
Two  clays  after  priming  the  surface  was  dry  and  hard. 
The  side  forms  were  not  used  during  the  construction 
of  this  section. 

The  bituminous  material  was  applied  at  the  rate  of 
0.77  gallon  in  two  applications.  As  in  the  case  of 
experiment  6-B  the  primed  base  was  damaged  to  some 
extent  during  the  mixing.  This  section  also  was  sub- 
jected to  rain  during  mixing,  the  fairly  open  mix  per- 
mitting the  moisture  to  enter  and  penetrate  to  the  base. 
The  mix  was  already  rather  stiff  and  the  base  was  sof- 
tened so  that  additional  mixing  was  not  deemed  advis- 


able after  the  rain.  When  rolled  the  surface  appeared 
in  good  condition  except  for  considerable  moisture 
which  was  retained  in  the  mix.  Traffic  was  not  per- 
mitted on  the  section  until  it  had  dried  out. 

One  week  later  the  seal  treatment  was  applied.  The 
small  stone  was  first  spread  and  allowed  to  lie  under 
traffic  for  a  few  days,  after  which  the  loose  stones  were 
broomed  to  the  sides  and  0.27  gallon  of  the  same  bitu- 
minous material  as  used  in  the  mix  was  applied.  The 
stone  was  then  respread  with  an  additional  amount  to 
make  a  total  of  about  18  pounds.  Rolling  of  the  sur- 
face completed  the  construction. 

A  few  days  later  inspection  of  the  section  showed  the 
base  to  be  dry  and  the  surface  well  sealed. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  62.86  cents  per  square  yard  or  $7,375 
per  mile. 

Experiment  7,  section  B,  stations  199  +  70  to  212  +  90  — 
This  section  corresponds  to  experiment  2,  section  B. 
The  method  of  construction  and  the  amounts  of  mate- 
rial used  per  square  yard  were  as  follows : 

Mix:  Two  inches  compacted;  169  pounds  of  1%  to  }{  inch 
crashed  stone  and  0.77  gallon  of  25-35  viscosity  tar. 

Retreatment:  Stations  206  +  50  to  212  +  90,  seal  coat  applied, 
using  0.42  gallon  of  the  same  bituminous  material  and  15  pounds 
of  %  to  }{  inch  stone  chips.  Station  199  +  70  to  206  +  50,  remixed 
with  0.30  gallon  of  the  same  bituminous  material.  Sealed  with 
0.23  gallon  of  same  bituminous  material  and  15  pounds  of  %  to 
\'i  inch  stone  chips. 

The  tar  primer  was  applied  at  the  rate  of  0.25  gallon 
and  the  penetration  averaged  %  inch. 

The  side  forms  were  not  used  during  the  construction 
of  this  section.  Seventy-seven  hundredths  gallon  of 
tar  was  applied  and  the  mixing  operation  carried  out 
as  in  the  preceding  section.  When  the  section  was  com- 
pleted it  was  evident  that  an  insufficient  quantity  of 
tar  had  been  used  in  the  mix,  as  it  was  not  properly 
bonded  and  considerable  raveling  took  place  under 
traffic.  Because  of  the  cool  weather  remixing  was  not 
believed  advisable  and  it  was  decided  to  apply  a  rather 
heavy  seal  to  make  up  for  the  deficiency  of  tar  in  the 
mix.  A  tar  seal  was  applied  on  the  north  portion 
(station  206  +  50  to  212  +  90)  a  few  days  after  construc- 
tion, at  the  rate  of  0.42  gallon,  and  covered  with  15 
pounds  of  %  to  }i  inch  stone  chips  per  square  yard. 
The  tar  supply  ran  out  at  this  point  and  the  additional 
amount  necessary  to  complete  the  job  was  not  received 
for  about  10  days.  During  this  period  the  remainder 
of  the  section  had  become  so  raveled  and  displaced 
under  traffic  that  remixing  was  considered  necessary. 
This  portion  was  first  scarified  or  torn  up  with  the  blade 
grader  and  given  an  application  of  0.30  gallon  of  tar 
per  square  yard.  It  was  then  remixed,  spread,  and 
rolled. 

Approximately  two  months  later  it  was  necessary  to 
give  the  portion  of  the  section  that  had  been  remixed  a 
light  seal  treatment  in  order  to  close  the  surface  to  pre- 
vent the  entrance  of  moisture.  Prior  to  applying  the 
seal,  15  pounds  per  square  yard  of  %  to  }{  inch  stone 
were  spread  on  the  surface,  allowing  traffic  to  force 
some  of  the  particles  into  the  mix.  After  two  days  the 
loose  stone  was  swept  to  the  sides  and  0.23  gallon  of  tar 
applied.  The  stone  was  then  respread  over  the  surface 
and  rolled. 

The  cost  of  constructing  the  bituminous  surface  of 
the1  section  was  73.23  cents  per  square  yard  or  $8,592 
per  mile. 

Experiment  7,  section  C,  stations  144  +  20  to  158  +  40. — 
This  section  corresponds  to  experiment  2,  section  C. 
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Figure  5. — Examples  of  Surface  Appearance  Six  Months  After  Construction.  The  Numbers  of  the  Experimental 
Sections  Are  Given  on  the  Photographs.  Experiments  2-A  and  2-B:  Cracking  and  Raveling  During  Spring  of 
1930  was  Caused  by  Softening  of  the  Marl  Base  as  a  Result  of  Moisture.  Experiment  3:  Section  in  Excellent 
Condition;  Marl  Base,  while  Slightly  Damp,  Had  Not  Softened  as  in  Experiments  2-A  and  2-B.  Experiment  4: 
Surface  in  Good  Condition,  Except  for  a  Few  Small  Areas  Where  Marl  Base  Has  Softened.  Experiment  6-A:  In 
Excellent  Condition;  Sand-Clay  Base  Moist,  but  its  Supporting  Value  Apparently  not  Affected.  Experiment 
10:  Good  Condition  Due  to  Early  Re-treatment,  Which  no  Doubt  Saved  the  Section  From  Complete  Disintegration 


228 


PUBLIC    ROADS 


Vol.  12,  No.  0 


The  method  of  construction  and  the  amounts  of  material 
used  per  square  yard  were  as  follows: 

Penetration  course:  2.3  inches  compacted;  L65  pounds  (if  1'4 
In  ',  inch  stone,  30  pounds  of  '  i  inch  to  dust,  and  1.11  gallons  of 
asphalt  emulsion. 

Seal:  0.25  gallon  of  the  same  bituminous  material  and  15 
pounds  of  Y%  to  '  4  inch  stone  chips. 

The  sand-clay  hase  on  this  section  was  generally 
bet  ter  than  the  average,  as  were  the  drainage  conditions. 

The  tar  primer  was  applied  at  the  rate  of  0.34  gallon 
and  gave  an  average  penetration  of  %  inch. 

Side  forms  were  not  used  on  this  section.  Otherwise 
the  details  of  construction  were  essentially  the  same  as 
those  of  the  corresponding  section  on  the  marl  base. 
As  no  mixing  was  done  on  this  section  the  primed  base 
was  not  disturbed  during  the  construction  of  the  bi- 
tuminous mat.  The  emulsion  was  applied  at  the  rate 
of  0.32  gallon  per  square  yard  for  the  first  application 
and  0.79  gallon  for  the  second.  As  on  experiment  2, 
section  C,  where  similar  materials  and  methods  were 
used,  an  appreciable  amount  of  the  first  application 
was  carried  off  by  the  water  used  to  wash  it  down  into 
the  fine  stone  cushion.  After  rolling,  the  section  was 
comparatively  rough  and,  while  under  traffic  for  about 
10  days,  raveled  considerably.  Before  the  seal  treat- 
ment was  applied  depressions  and  surface  failures  were 
repaired  with  emulsion  and  U-inch  stone.  The  surface 
was  then  swept  and  0.25  gallon  of  emulsion  applied  and 
covered  with  15  pounds  of  %  to  %  inch  stone. 

As  on  the  other  emulsion  section,  it  was  found  that 
the  emulsion  had  not  penetrated  the  fine  stone  cushion. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  84.55  cents  per  square  yard  or  $9,920 
per  mile. 

Experiment  8,  stations  212  +  90  to  226  +  10.— This 
section  corresponds  to  experiment  3.  The  method  of 
construction  and  the  amounts  of  material  used  per 
square  yard  were  as  follows: 

Mix:  1.8  inches  compacted;  154  pounds  of  :i4  to  '4  inch  stone, 
38  pounds  ',  inch  to  dust,  and  1.25  gallons  of  85-100  penetra- 
tion asphalt  cut-back 

Seal:   No  seal  treatment  was  required. 

The  sand-clay  base  on  this  section  was  very  non- 
uniform and  during  construction  compacted  under 
traffic  into  strata  which  resulted  in  some  scaling,  es- 
pecially near  the  edges.  All  loose  material  was  removed 
before  priming.  The  prime  coat  was  applied  at  the  rate 
of  0.26  gallon  per  square  yard.  The  section  was  con- 
structed similarly  to  the  corresponding  section  on  the 
marl  base  except  that  side  forms  were  not  used.  The 
asphalt  was  spread  in  two  applications  at  the  rate  of 
0.51  and  0.74  gallon  per  square  yard,  respectively. 
Before  mixing  was  completed  a  heavy  rain  occurred 
but  the  mix  was  windrowed  in  the  center  and  was 
therefore  partially  protected.  Mixing  was  not  resumed 
until  the  base  was  thoroughly  dry.  After  the  mix  was 
shaped  and  partially  rolled,  but  before  it  hardened,  it 
was  badly  rutted  by  local  traffic  on  the  following  day. 
On  the  next  day  the  surface  was  loosened  with  a  disk 
harrow,  reshaped,  and  again  rolled.  Although  the  mix 
had  become  somewhat  stiff  no  difficulty  was  encountered 
in  obtaining  a  well  compacted,  close  surface.  A  sen  I 
was  not  considered  necessary. 

The  cost  of  constructing  the  bituminous  surface  of 
the  section  was  59.53  cents  per  square  yard  or  $6,985 
per  mile. 

Experiment  9,  stations  326+10  to  238  +  80.— This  sec- 
tion corresponds  with  experiment  4.     The  method  of 


construction   and    the   amounts  of  material   used  per 
square  yard  were  as  follows: 

Mix:  1.8  inches  compacted;  152  pounds  of  3/i  to  J4  inch  stone 
and  0.77  gallon  85-100  penetration  cut-back. 

Seal:  0.29  gallon  of  the  same  bituminous  material  was  applied 
and  covered  with  14  pounds  of  b/%  to  J4  inch  stone  chips. 

One  month  preceding  the  construction  of  this  section 
the  sand-clay  base  was  plowed  and  scarified,  and  addi- 
tional clay  binder  was  added.  It  was  then  machined 
and  opened  to  traffic  for  compaction.  At  the  time  the 
surface  was  constructed  it  was  in  fair  condition. 

The  tar  primer  was  applied  at  the  rate  of  0.27  gallon 
and  the  penetration  averaged  about  %  inch.  Side  forms 
were  not  used. 

The  bituminous  material  was  applied  at  the  rate  of 
0.77  gallon  per  square  yard.  In  the  V/n  months  follow- 
ing construction,  during  which  time  the  section  was 
under  traffic  before  sealing,  the  surface  raveled  consider- 
ably, probably  because  of  leanness  as  well  as  the  lack  of 
fine  material  necessary  to  give  a  well-graded  mixture. 

Before  the  application  of  the  seal  coat,  the  loose  stone 
was  swept  to  the  sides  of  the  road.  The  bituminous 
material  was  then  applied  at  the  rate  of  0.29  gallon  per 
square  yard,  and  the  stone  respread  with  an  additional 
amount  to  make  a  total  of  14  pounds  per  square  yard. 
Rolling  completed  the  treatment. 

The  cost  of  constructing  the  bituminous  surface  of 
this  section  was  66.74  cents  per  square  yard  or  $7,831 
per  mile. 

SECTION  GIVEN  ORDINARY  SURFACE  TREATMENT 

Experiment  10,  stations  158  +  40  to  199  +  70  (less  170 
feet). — This  section  corresponds  to  experiment  5.  The 
method  of  construction  and  the  amounts  of  material 
used  per  square  yard  were  as  follows: 

Forty-six  hundredths  gallon  of  85-100  penetration  asphalt  cut- 
back with  naphtha  and  52  pounds  of  Y%  to  J4  inch  crushed 
stone. 

Retreatment:  0.32  gallon  of  the  same  bituminous  material 
covered  with  the  loose  stone  that  had  been  whipped  off  by  traffic, 
plus  13  pounds  of  %  to  !4  inch  crushed  stone. 

The  sand-clay  base  on  this  section  was  in  only  fair 
condition.  At  the  time  of  construction  it  had  compacted 
under  traffic  in  layers  and,  in  many  widely  distributed 
areas,  some  peeling  occurred  during  sweeping,  prepara- 
tory to  application  of  the  primer. 

Four  days  before  the  prime  coat  was  applied  the 
sand-clay  surface  was  sprinkled  with  water  and  lightly 
machined.  The  tar  primer  was  applied  at  the  rate  of 
0.29  gallon  per  square  yard.  The  primed  surface  was 
in  good  condition  when  surface  treated  except  for  a  few 
local  areas  where  traffic  had  caused  some  flaking  of  the 
laminated  sand-clay.  Before  treatment,  such  loosened 
material  was  removed  and  the  uncovered  areas  painted 
with  85-100  penetration  asphalt  cut-back.  The  sur- 
face treatment  consisted  of  applying  0.46  gallon  of  the 
asphalt  and  52  pounds  of  1%  to  }{ inch  stone  per  square 
yard.  The  section  was  then  thoroughly  rolled.  Dur- 
ing rolling  considerable  failure  of  the  sand-clay  base 
occurred.  On  many  widely  scattered  areas  the  upper 
portion  of  the  base,  which  before  treatment  had 
appeared  stable,  separated  from  the  lower  portion  and 
worked  up  through  the  cover  stone.  Under  traffic, 
these  areas  quickly  disintegrated  and  whipped  off 
leaving  the  base  exposed. 

As  the  number  of  areas  failing  in  this  manner  was  so 
numerous  that  it  was  deemed  impractical  to  patch  each 
one,  a  portion  of  the  section  was  selected  for  experi- 
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mentation  to  devise  a  satisfactory  method  of  correcting 

the  failure.  The  portion  so  selected  was  between  sta- 
tions 179  +  20  and  184  +  15,  which  was  probably  in  the 
worst  condition  of  any  of  the  section.  The  loose  stone, 
estimated  at  about  25  pounds  per  square  yard,  was 
swept  to  the  sides  and  an  application  of  0.32  gallon  of  the 
asphalt  cut-back  applied,  after  which  the  stone  was 
respread  with  10  pounds  additional.     This  treatment 


proved  satisfactory  and  the  remainder  of  the  section 
was  treated  in  the  same  manner,  except  that  the  new 
stone  added  was  %  to  ){  inch,  spread  at  the  rate  of  13 
pounds  per  square  yard,  and  the  amount  of  bituminous 
material  used  was  0.31  gallon  per  square  yard. 

The  cost  of  constructing  this  surface  treatment, 
including  the  re-treatment,  was  29.44  cents  per  square 
yard  or  $3,454  per  mile. 


DISCUSSION  OF  RESULTS  OBTAINED 


SEAL  COAT  NECESSARY  WITH  COARSEK  AGGREGATES 

The  open  surface  obtained  on  experiments  1  and  6, 
sections  A  and  B,  on  which  lji  to  %  inch  stone  was 
combined  with  the  stone  screenings  graded  from  %  inch 
down,  indicated  that  the  20  per  cent  of  fine  aggregate 
used  was  not  sufficient  to  close  the  voids  in  the  large 
size  stone  and  that  a  seal  coat  was  necessary.  On  ex- 
periments 3  and  8,  where  the  %  to  }i  inch  stone  was 
combined  with  the  fine  aggregate  in  the  same  propor- 
tion, a  close  mix  was  obtained  which  did  not  require  a 
seal  treatment.  For  the  coarser  stone  it  is  believed 
that  at  least  30  per  cent  of  fines  would  have  been  neces- 
sary in  order  to  produce  a  surface  similar  to  that  ob- 
tained with  the  %  inch  to  dust. 

On  experiments  2  and  7,  sections  A  and  B,  on  which 
lji  to  ji  inch  stone  was  used  and  on  experiments  4  and 
9  on  which  %  to  lA  inch  stone  was  used  without  the 
addition  of  fines,  the  original  plan  was  to  close  the  sur- 
face with  a  key  course,  using  %  to  %  inch  stone.  This 
was  found  to  be  impractical  as  the  surfaces  were  not 
sufficiently  open  and  the  addition  of  stone  of  this  size 
would  not  have  filled  the  surface  voids  but  would 
merely  have  added  thickness  to  the  mat.  It  was  de- 
cided that,  for  this  type  of  construction  and  size  of 
aggregate,  a  better  method  would  be  to  omit  the  key 
course  and  use  a  fine  aggregate  as  a  seal  treatment  in 
order  to  insure  a  closed  surface.  This  type  of  treat- 
ment was  therefore  used  on  these  sections. 

MIXING  METHODS  DISCUSSED 

In  the  original  design  no  mention  was  made  of  the 
method  of  mixing.  It  was  thought  that  in  those  sec- 
tions where  the  fines  were  to  be  added  to  the  coarse 
aggregate  some  difficulty  might  be  encountered  be- 
cause of  segregation,  particularly  if  a  drag  were  used 
in  the  mixing.  To  prevent  this  it  was  decided  to  treat 
the  coarse  stone  with  a  light  application  of  bituminous 
material  before  adding  the  fines.  AJthough  this  method 
of  applying  the  fines  was  thought  necessary  for  the  drag- 
mixing,  it  would  have  not  been  necessary  where  mixing 
was  done  with  a  blade  machine.  For  this  method  of 
construction  a  crusher-run  stone  could  probably  have 
been  used  equally  as  well  and  at  less  cost. 

The  cut-back  asphalt  used  in  this  work  was  manu- 
factured under  the  same  specification  as  that  used  for 
surface  treatment  work  and  mixed-in-place  construc- 
tion where  sand-clay  and  topsoil  material  are  used  as 
aggregates.  Although  no  construction  difficulty  was 
encountered  in  the  use  of  this  material,  there  are  rea- 
sons to  believe  that  had  it  been  of  higher  viscosity  it 
would  have  proved  more  satisfactory  in  that  a  greater 
film  thickness  of  bitumen  on  the  stone  would  have  been 
obtained,  a  condition  which  is  probably  desirable  with 
the  coarser  aggregates.  Another  advantage  of  using 
the  higher  viscosity  is  that  less  distillate  would  be  re- 
quired, resulting  in  a  somewhat  cheaper  material.  The 
viscositv  of  the  material  used  on  this  work  ranged  from 


about  23  to  37,  Engler,  at  50°  C.  From  experience  in 
other  States  on  similar  work,  it  is  believed  that  a  ma- 
terial of  at  least  50  viscosity  could  have  been  used. 

In  building  a  surface  mat  by  the  mixed-in-place 
method  it  is  very  important,  particularly  when  using 
asphaltic  materials  of  the  cut-back  type,  to  have  the 
mix  in  a  condition  of  tackiness  before  compacting  it 
either  by  traffic  or  by  rolling.  This  is  best  accomplished 
by  spreading  and  shaping  the  mix  immediately  after 
mixing  and  allowing  sufficient  time  to  lapse  before  roll- 
ing in  order  that  the  light  distillates  may  evaporate. 
Another  method  commonly  used  is  that  of  windrowing 
the  material  immediately  after  mixing  and  leaving  it  to 
cure  before  spreading  and  rolling.  This  latter  method 
requires  a  longer  curing  period,  is  likely  to  cause  segre- 
gation at  the  time  of  spreading  and,  in  general,  has 
not  proved  as  satisfactory  as  the  first  method,  as  well 
as  being  somewhat  more  costly.  There  is  also  a  possi- 
bility of  some  of  the  bituminous  material  draining  to 
the  bottom  of  the  windrow,  causing  the  mix  to  be  non- 
uniform and  resulting  in  fat  and  lean  streaks  in  the 
surface  after  the  roadway  is  opened  to  traffic. 

Experience  has  shown  that  a  smoother  and  more 
stable  surface  can  be  obtained  in  the  early  life  of  the 
pavement  by  either  of  these  two  plans  than  can  be 
obtained  when  the  mix  is  laid  and  rolled  before  the 
proper  tackiness  has  developed.  Rolling  the  mix  be- 
fore an  appreciable  amount  of  the  light  distillate  has 
volatilized  results  in  this  material  being  trapped  in  the 
mix,  causing  it  to  remain  unstable  for  some  time.  It 
is  believed  that  on  a  considerable  amount  of  mixed-in- 
place  construction  with  cut-back  asphalt,  compacting 
the  mix  immediately  after  mixing  without  sufficient 
time  for  curing  has  resulted  in  early  shoving  and  often 
in  unsatisfactory  surface  behavior  of  the  mat. 

The  Ys  to  }{  inch  stone  used  as  cover  material  was 
not  altogether  satisfactory.  A  smaller  size  stone 
wTould  have  proved  more  satisfactory  from  the  stand- 
point of  waterproofing  the  surface.  However,  the 
larger  size  cover  resulted  in  added  thickness  and  in  the 
formation  of  a  somewhat  rough  mat  with  some  of  the 
larger  stone  projecting,  rendering  the  pavement  more 
skid  proof. 

ALTERNATIVE  METHODS  OF  SURFACE  TREATMENT  DESCRIBED 

In  view  of  the  difficulty  experienced  during  construc- 
tion of  the  surface  treatment  on  the  sand-clay  because 
of  the  scaly,  raveled  condition,  it  is  probable  that  a 
better  method  of  applying  a  surface  treatment,  par- 
ticularly for  this  base  condition,  would  be  to  apply  the 
heavy  binding  material  in  two  applications  so  that  the 
second  application  would  heal  any  breaks  in  the  first. 
The  treatment  might  consist  of  spreading  0.2  gallon  of 
binder  over  the  prime  coal  and  covering  with  stone, 
rolling,  and  then  spreading  the  remaining  0.3  gallon, 
followed  by  a  covering  of  key  stone  and  rolling.  A 
seal  coat  treatment  could  be  applied  later  as  required. 
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Figure  6. — Typical  Examples  of  Surface  Condition  During  the  Spring  of  1931.      The  Numbers  of  the  Experimental 

Sections  Are  Given  on  the  Photographs 
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Table  9. — Cost  of  construction 
[Cost  in  cents  per  square  yard] 


Experiment  number.  -  -            

2 

3 

4 

5 

I 
A 

I 

7 

8 

9 

HI 

Section ._  

A 

B 

A 

B 

c 

11 

A 

B 

(' 

2,822 

Area,  square  yards .   

2,951 

2,493 

3,275 

2,755 

3,111 

2,933 

2.987 

2,933 

3,144 

2,669 

2.711 

2,933 

3,150 

2,933 

8,800 

Marl 

Sand-clay 

Tvpe  of  construction .     . 

Mix 

Mix 

Mix 

Mix 

Pene- 
tration 

Mix 

Mix 

Surface 
treat- 
ment 

Mix 

Mix 

Mix 

Mix 

Pene- 
tration 

Mix 

Mix 

Surface 

treat- 
ment 

Bituminous  materials  used ___ 

60-70 

cut- 
back 

85-100 
cut- 
back 

1.28 
3.  63 

85-100 
cut- 
back 

25-35 
tar 

Asphalt 
emul- 
sion 

85-100  penetration  cut- 
back 

60-70 
cut- 
back 

85-100 
cut- 
back 

85-100 
cut- 
back 

25-35 
tar 

Asphalt 
emul- 
sion 

85-100  penetration  cut- 
back 

ITEMS   OF  CONSTRUCTION 

0.31 
3.65 

1.36 
4.10 

0.40 

:;  ss 

0.39 
3.69 

0.45 
4.01 

0.62 
3.54 

1.60 
4.48 

1.60 
4.39 

,70 
5.16 

0.89 
3.92 

2.76 
3.35 

0.84 
4.58 

1.64 

3.41 

12.49 
3.62 

1.24 
3.92 

Prime  treatment  in  place 

Mixed  material: 

Aggregate  in  place 

Bituminous  material  in  place. . . 
Mixing  and  shaping.. 

35.  05 
7.  96 
2.00 
1.49 

.  46.50 

36.77 
7.69 
5.28 
2.50 

52.24 

32.66 
5.  13 
3.30 
3.12 

33.50 

14.  72 
7.86 
1.42 

37.34 

21.31 

1.42 

4.85 

34.  96 
8.90 
2.78 
1.40 

29.96 
5.36 
2.55 
2.00 

38.00 
8.74 
3.34 
1.30 

38.  52 
8.13 
3.27 
2.10 

34.10 
5.74 
3.12 
2.69 

31.64 
12.69 
5.29 
2.27 

40.07 

18.73 

.65 

4.69 

34.95 
9.32 
2.32 
1.15 

29.46 
5.76 
1.95 
1.78 

Total  cost  of  mixed  material. . 

44.21 

57.50 

64.  92 

48.04 

39.87  |. 

51.38 

52  02 

45.65 

51.89 

64.14 

47.74 

38.95 

Surface  treatment: 

10.12 
3.28 
.50 

12  45 

Bituminous  material  in  place. . . 

5  84 

53 

Total  cost  of  surface  treatment . 

13.90 

18  82 

Seal  treatment: 

Bituminous  material  in  place. . . 
Aggregate  in  place — 

3.06 

2.89 

.93 

2.17 
2.89 
1.20 

3.51 
2.23 

3.80 
2.74 

3.80 
2.89 
1.09 

1.69 
2.  90 

1.52 
1.39 
.07 

2.50 

2.89 

.20 

1.67 
2.89 
.14 

1.98 
3.52 

5.36 
2.89 

4.18 
2.89 

.87 

2.13 
2.89 

Total  cost  of  seal  treatment.  .. 

7.48 

6.26 

5.74 

6.54 

7.78 

4.59 

2.98 

5.59 

1    7(1 

5.50 

8.25 

7.94    .. 

5.02 

Incidentals: 

Forms 

.05 
1.82 

.75 
1.68 
3.88 

.78 
1.91 

.75 
1.85 
3.88 

.07 
8.44 

.75 
1.79 
3.88 

.22 
4.21 

.75 
2.  02 
3.88 

.32 

.74 

.75 

2.  15 

3.88 

.95 
1.44 

.75 
1.55 
3.88 

.15 
.65 
.75 
1.41 
3.88 

.16 

.75 

.72 

3.88 

2.04 
1.05 
.75 
1.85 
3.88 

.16 
.90 
.75 
1.83 
3.88 

Shoulders 

.67 
.75 
1.60 
3.88 

.49 
.75 
1.86 
3.88 

.27 

.75 

2.15 

3.88 

.60 

.75 

1.51 

3.88 

.33 

.75 
1.70 
3.88 

08 

.75 

.75 

Miscellaneous ..     _ 

3  88 

Total  cost  of  incidentals 

8.18 

9.17 

14.93 

11.08 

7.84 

8.57 

6.84 

5.51 

9.57 

7.52 

6.90 

6.98  1       7.05 

6.74 

6.66 

;,.  46 

Total  cost  per  square  yard 

66.12 

$7,  758 

72.  58 
$8.  510 

70.34 

$8,  253 

79.40 

$9,  316 

84.62 
$9,  928 

61.07 

$7,  165 

55.46 
$6,  507 

28.4' 
$3,  340 

72.53 
$8,  510 

72.10 

$8,  459 

62.86 

$7,  375 

73.  23       84.  55 
$8,  592     *9.  920 

59.53 
$6,  985 

66.74 

$7,  831 

29.44 

Cost  per  mile,  20-foot  width 

$3,  454 

Another  method  of  meeting  the  difficulty  of  loose 
subgrade  in  the  case  of  light  surface  treatment  would 
be  to  treat  the  surface  of  the  base.  For  example,  a 
heavier  prime  coat  might  be  used,  followed  by  light 
surface  mixing  and  rolling  if  necessary.  It  is  probably 
often  the  case  that  the  soil  can  be  so  treated  or  the 
treatment  of  soil  roads  can  be  so  modified  that  light 
bituminous  wearing  surfaces  can  be  constructed  with- 
out expensive  rebuilding  of  the  subgrade. 

Because  of  the  experimental  character  of  the  sections 
and  their  relatively  short  lengths,  the  cost  as  shown  in 
Table  9  naturally  was  higher  than  that  of  constructing 
any  one  section  of  a  considerable  length.  The  type  of 
construction  used  on  these  experiments  offers  an  op- 
portunity for  the  use  of  mechanical  equipment,  thereby 
reducing  hand  labor  to  a  minimum  with  a  correspond- 
ing reduction  in  cost.  As  indicated  in  the  description 
of  the  various  sections,  considerable  hand  labor  was 
employed. 

MAINTENANCE  AND  EARLY  BEHAVIOR 

A  record  of  the  maintenance  costs  on  the  different 
sections  of  this  project  are  given  in  Table  10.  Inspec- 
tion of  the  project  has  been  made  at  various  intervals 
and  the  comparative  behavior  is  shown  by  the  illustra- 
tions accompanying  this  article  and  in  the  following 
discussion. 


During  the  spring  following  the  construction  all  the 
sections  on  the  marl  base,  excepting  experiment  No.  5, 
the  plain  surface  treatment,  experiment  No.  3,  %  to  )i 
inch  stone  plus  fines,  and  experiment  No.  4,  %  to  % 
inch  stone  without  the  fines,  had  developed  extensive 
cracking  and  presented,  to  a  considerable  extent,  an 
"alligator-hide"  appearance.  This  condition  wasfound 
to  be  due  to  the  softening  of  the  marl  base  caused  by 
capillary  as  well  as  surface  moisture.  The  presence  of 
the  prime  coat  on  the  marl  did  not  seem  to  prevent  the 
upward  movement  of  moisture  through  the  base.  The 
upper  surface  of  the  marl  which  had  been  penetrated 
by  the  primer  was  also  softened  and  contained  a  high 
percentage  of  moisture. 

All  of  the  experiments  on  the  sand-clay  were  found 
to  be  in  excellent  condition.  Examination  of  this  base 
showed  that  it  contained  as  much  moisture  as  the  marl, 
and  sometimes  more,  but  the  primed  surface  had  not 
been  affected  by  the  moisture.  The  stable  crust  formed 
by  the  primer  had  to  a  large  extent  prevented  the  up- 
ward movement  of  the  base  moisture  into  the  bitumi- 
nous wearing  surface. 

A  later  inspection,  made  during  the  summer  of  1930, 
showed  that  both  the  marl  and  the  sand-clay  bases 
had  to  a  great  extent  dried  out  and  that  the  marl 
had  hardened  considerably.  It  was  thought  possible 
that,  as  the  base  support  of  the  sections  constructed 
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Table  10. — Cost  of  maintenance  from  October,  1929,  to  December,  1930 


1  Average  weighted  for  lengths  of  experimental  sections. 

on  the  marl  base  increased,  the  cracks  which  had  devel- 
oped during  the  winter  would  heal  under  the  summer 
traffic.  During  the  fall  it  was  evident  that  little  or  no 
In 'tiling  had  occurred,  although  no  new  cracks  had 
developed  during  the  summer. 

During  the  following  winter  of  1930-31  a  repetition 
of  the  same  conditions  occurred  on  the  marl  base  and 
an  inspection  of  the  project  made  during  the  spring 
of  1931  showed  that  the  cracking  had  increased,  the 
old  cracks  had  become  wider  and,  in  some  few  areas. 
raveling  had  started  to  a  limited  extent.  The  surface 
of  the  three  experiments  on  the  marl  base  that  were  not 
affected  during  the  first  winter  were  still  in  good 
condition  and  comparable  with  those  on  the  sand- 
clay  base. 

A  comparison  of  the  various  experiments,  based  on 
their  past  behavior  and  their  condition  in  the  spring  of 
1931,  shows  that  those  constructed  on  the  sand-clay 
base  are  far  better  than  those  on  the  marl,  except  for 
experiments  Nos.  5,  3,  and  4,  which  compare  favorably 
with  those  on  the  sand-clay  base.  A  rating  of  the 
experiments  based  on  their  present  surface  condition 
is  given  in  Table  11. 

The  surface  maintenance  of  the  various  experimental 
sections  has  consisted  of  hand  patching  in  certain  local 
areas  where  failures  have  occurred.  Prior  to  the  sum- 
mer of  1931  no  re-treatments  had  been  made  on  any  of 
the  experiments.  The  data  given  in  Table  10  show  the 
average  maintenance  costs  for  the  experiments  on  the 
marl  base  to  be  $177  per  mile  per  year  while  the  main- 
tenance cost  for  those  on  the  sand-clay  base  has  been 
$111  per  mile  per  year.  Although  these  costs  indicate 
a  distinct  superiority  on  the  part  of  the  sand-clay  base, 
the  true  merits  of  the  two  types  of  base  are  not  fully 
shown  by  these  figures,  as  the  experiments  constructed  on 
the  sand-clay  will  require  no  great  amount  of  mainte- 
nance in  the  near  future  while  the  experiments  con- 
structed on  the  marl  base,  with  the  exception  of 
experiments  3,4,  and  5  will  probably  require  some  type 
of  re-treatment. 

Two  types  of  re-treatment  of  these  surfaces  were 
considered  and  were  tried  out  experimentally  during 
the  summer  of  1931.  Under  one  of  these  methods  the 
present  surface  is  scarified  and  remixed  with  additional 


Table  11. — Relative  ratings  of  experimental  sections 
MIXED-IN-PLACE  ON  SAND-CLAY  BASE 

1 — Experiment  8,  %  to  }i  inch  stone  plus  fines,  85-100  penetra- 
tion asphalt  cut-back. 

2 — Experiment  6,  Section  B,  IV4  to  V4  inch  stone  plus  fines,  85- 
100  penetration  asphalt  cut-back. 

3 — Experiment  6,  section  A,  V/i  to  %  inch  stone  plus  fines,  60-70 
penetration  asphalt  cut-back. 

4 — Experiment  9,  section  A,  %  to  }i  inch  stone,  no  fines,  85-100 
penetration  asphalt  cut-back. 

5 — Experiment  7,  section  B,  V/\  to  l/i  inch  stone,  no  fines,  25-35 
viscosity  tar. 

5 — Experiment  7,  section  A,  1J4  to  }i  inch  stone,  no  fines,  85-100 
penetration  apshalt  cut-back. 

6 — Experiment  7,  section  C,  1%  to  %  inch  stone  plus  fines,  as- 
phalt emulsion. 

MIXED-IN-PLACE  ON  MARL  BASE 

1 — Experiment  3,  same  as  experiment  8. 

2 — Experiment  4,  same  as  experiment  9. 

3 — Experiment  1,  section  A,  same  as  experiment  6,  section  A. 

3 — Experiment  1,  section  B,  same  as  experiment  6,  section  B. 

4 — Experiment  2,  section  A,  same  as  experiment  7,  section  A. 

4 — Experiment  2,  section  B,  same  as  experiment  7,  section  B. 

5 — Experiment  2,  section  C,  same  as  experiment  7,  section  C. 

SURFACE  TREATMENT 

Experiment  No.  5,  on  marl  base,  and  experiment  No.  10,  on 
sand-clay  base,  were  both  in  excellent  condition.  There  was  no 
noticeable  difference  in  the  condition  of  the  two  experiments. 

bituminous  material,  after  which  the  mixture  is  again 
spread  and  rolled.  Under  the  other  method  a  light 
surface  treatment  is  applied  to  the  surface  of  the  exist- 
ing experiment.  From  the  early  results  of  these  two 
types  of  treatments  the  better  method  will  be  selected 
for  re-treating  the  remainder  of  the  experiments  on  the 
marl  base  which  are  in  need  of  re-treatment. 

The  unsatisfactory  condition  of  the  majority  of  the 
experiments  constructed  on  the  marl  base  has  been 
caused  by  the  softening  of  this  material  during  the  wet 
winter  months.  Evidently  this  material,  the  analysis  of 
which  is  given  on  page  217,  is  not  suitable  for  base  con- 
struction where  the  moisture  conditions  are  as  unfavor- 
able as  they  are  in  the  locality  in  which  this  project  was 
constructed.  It  is  possible  that  with  a  higher  elevation 
of  the  road  surface  and  deeper  drainage  ditches,  which 
would  no  doubt  reduce  the  capillary  moisture,  the  be- 
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Figure  7. — Typical  Examples  of  Surface  Condition  During  the  Spring  of  1931.     The  Numbers  of  the  Experimental 

Sections  Are  Given  on  the  Photographs 
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Figure  8. — Typical  E?;amples  of  Surface  Condition  During  the  Spring  of  1931.     The  Numbers  of  the  Experimental 

Sections  Are  Given  on  the  Photographs 
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havior  of  the  marl  base  would  have  been  more  satis- 
factory. The  application  of  the  tar  prime  coat  was  not 
effective  in  preventing  the  movement  of  moisture 
through  the  marl  base,  as  that  portion  of  the  base  which 
had  been  penetrated  by  the  prime  was  softened  by 
moisture  the  same  as  the  untreated  material. 

In  the  case  of  the  sand-clay  the  condition  was 
strikingly  different,  as  that  portion  of  the  base  which  had 
been  penetrated  by  the  prime  remained  firm  and  hard 
and  apparently  was  not  affected  by  the  action  of  mois- 
ture. Although  the  base  underneath  the  primed  sur- 
face contains  a  high  percentage  of  moisture  during  the 
winter  months,  it  has  thus  far  retained  its  supporting- 
power,  so  that  no  surface  failures  have  occurred. 

Considerable  difficulty  was  experienced  during  con- 
struction because  of  the  poorly  bonded  surface  of  this 
sand-clay.  This  material  probably  would  not  have  been 
suitable  for  a  sand-clay  road  during  dry  weather.  How- 
ever, upon  application  of  the  prime  and  construction 
of  the  bituminous  wearing  surface,  enough  moisture 
was  retained  in  the  sand-clay  to  bond  it  properly  and 
render  it  entirely  suitable  as  a  base. 

During  recent  years  it  has  been  the  belief  that  for  a 
clay-bonded  material  to  serve  satisfactorily  as  a  base, 
the  proportions  of  clay  and  granular  material  should 
be  such  that,  as  a  wearing  surface,  it  would  remain 
stable  in  wet  weather  and  have  the  minimum  amount  of 
raveling  in  dry  weather.  In  view  of  the  results  thus  far 
obtained  from  this  and  other  similar  experiments, 
definite  indications  are  that  the  amount  of  clay  re- 
quired to  prevent  raveling  in  dry  weather  is  excessive 
when  used  as  a  base  for  bituminous  surfacing  and  that 
no  more  clay  should  be  used  than  that  amount  which 
will  produce  a  stable  surface  in  wet  weather. 

The  behavior  of  these  experiments  to  date  has  shown 
conclusively  that,  where  a  surface  mat  is  constructed 
on  a  low- type  nonrigid  base,  a  richer  and  more  plastic 
mat  is  required  than  for  a  more  rigid  type.  At  this  time 
there  are  also  indications  that  under  these  same  condi- 
tions a  thin  mat  has  an  advantage  over  a  thicker  mat. 
The  good  behavior  of  the  surface  treatments  on  both 
types  of  base  may  not  be  entirely  due  to  the  thickness, 
as  this  type  of  surface  is  considerably  higher  in  bitumen 
than  the  mixed  sections.  Although  the  percentage  of 
bitumen  used  in  the  mixed  sections  would  in  no  case 


equal  the  amount  used  in  the  surface  treatment,  it  is 
believed  that  a  higher  percentage  of  bitumen  would  have 
resulted  in  more  favorable  behavior  of  these  mixed 
sections. 

Although  the  results  thus  far  obtained  from  these 
experiments  show  little  or  no  difference  between  the, 
different  grades  of  asphalt  used,  it  is  believed  that  ;i 
preference  should  be  given  to  those  of  higher  penetra- 
tion where  a  nonrigid  type  base  is  used. 

CONCLUSIONS  SUMMARIZED 

Although  these  experimental  sections  have  not  been 
in  service  long  enough  to  warrant  drawing  definite  con- 
clusions, their  early  behavior  and  present  surface  con- 
ditions appear  to  justify  the  following  statements. 

1.  The  minimum  amount  of  clay  binder  is  desirable 
in  sand-clay  and  gravel  material  when  used  for  base 
construction  for  bituminous  wearing  surfaces,  except 
under  arid  conditions,  when  a  larger  percentage  of  this 
material  may  be  used.  The  bonding  of  the  immediate 
surface  of  a  base  composed  of  granular  material  to  make 
it  suitable  for  the  construction  of  the  bituminous 
wearing  surface  may  be  accomplished  by  the  use  of  a 
heavier  prime  application,  together  with  such  mixing, 
smoothing,  and  rolling  as  may  be  necessary,  rather  than 
by  the  addition  of  clay  material.  The  maximum  per- 
centage of  clay  in  bases  for  these  types  of  surfaces 
should  be  limited  to  that  amount  which  will  produce  a 
good  wearing  surface  in  wet  weather. 

2.  Although  there  is  considerable  difference  in  the 
composition  of  marl,  which  affects  its  resistance  to 
moisture,  the  general  use  of  this  material  for  base  con- 
struction should  be  limited  to  areas  where  moisture 
conditions  are  most  favorable. 

3.  A  thin  rich  mat  of  the  surf  ace- treatment  type 
seems  to  offer  advantages  over  the  thicker  mat  when 
used  on  a  nonrigid  base,  because  of  its  ability  to  adjust 
itself  more  readily  to  such  movements  as  may  occur  in 
the  base. 

For  a  wearing  surface  consisting  of  a  relatively  thick 
bituminous  mat,  such  as  was  used  on  the  majority  of 
these  experiments,  a  richer,  more  plastic  mixture  is 
necessary  than  is  required  when  the  base  is  of  a  more 
rigid  type.  On  this  project  an  insufficient  amount  of 
bituminous  material  was  used  in  the  mixed  sections. 
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THE  EFFECT  OF  MATERIALS  AND  METHODS  OF 

PLACING  ON  THE  STRENGTH  AND  OTHER 

PROPERTIES  OF  CONCRETE  BRIDGE 

FLOOR  SLABS 

REPORT  OF  A  COOPERATIVE  INVESTIGATION  CONDUCTED  BY  THE  PORT  OF  NEW  YORK  AUTHORITY  AND 

THE  UNITED  STATES  BUREAU  OF  PUBLIC  ROADS 

By  L.  W.  TELLER,  Senior  Engineer  of  Tests,  and  G.  W.  DAVIS.  Associate  Engineer  of  Tests,  United  States  Bureau  of  Public  Roads 


IN  THE  field  of  highway  bridge  engineering  one  of 
the  most  important  developments  of  the  times  is  the 
trend  toward  increased  span  lengths.  This  develop- 
ment has  been  made  possible,  in  a  large  measure,  by 
new  materials,  new  methods  of  construction,  and  new 
knowledge  which  have  been  made  available  to  the 
bridge  engineer  within  the  past  few  years.  While  the 
general  tendency  toward  greater  span  lengths  has  been 
evident  in  the  design  of  many  types  of  bridges,  it  has 
been  particularly  noticeable  in  that  of  suspension 
bridges.  A  span  of  1,800  feet  is  a  thing  of  the  past;  one 
of  3,500  feet  has  recently  been  opened  to  traffic,  and 
another  of  much  greater  length  is  already  planned. 

With  such  great  span  lengths  the  possibilities  for 
economy  through  a  reduction  in  the  dead  load  caused 
by  the  weight  of  the  floor  system  are  of  such  importance 
as  to  merit  the  designer's  most  serious  consideration. 
Nearly  three  years  ago,  when  the  design  for  the  giant 
bridge  over  the  Hudson  River  between  Manhattan  at 
One  hundred  and  seventy-eighth  .Street  and  Fort  Lee, 
N.  J.,  was  being  developed,  this  thought  led  the  Pint 
of  New  York  Authority  to  request  the  Bureau  of  Public 
Roads  to  cooperate  in  the  conduct  of  a  rather  extensive 
series  of  tests,  the  primary  object  of  which  was  the 
development  of  information  which  would  permit  a 
comparison  to  be  made  of  the  relative  strengths  of  con- 
crete floor  slabs  made  of  several  materials  and  placed 
by  each  of  several  methods. 

The  tests  requested  were  begun  during  the  summer  of 
L928  and  have  been  completed  only  quite  recently, 
because  of  the  time  required  to  make  certain  extended 
durability  tests. 

SCOPE  OF  TESTS  OUTLINED 

The  materials  which  it  was  desired  to  compare  were: 

1.  Coarse  aggregates — 

a.  Haydite  (an  artificial  lightweight  aggregate). 

b.  Rounded  siliceous  gravel. 

c.  Crushed  limestone. 

2.  Fine  aggregates — 

a.  Haydite. 

b.  Natural  quartz  sand. 

The  methods  of  consolidation  used  in  the  placing  of 
the  concrete  wTere  as  follows: 

1.  Hand  placing. 

2.  Vibrolithic  process. 

3.  Vibration  with  an  electric  vibrator. 

4.  Vibration  with  an  air  hammer. 

The  detailed  descriptions  of  the  materials  ami  of  the 
methods  of  consolidation  are  given  later  in  the  report. 

To  provide  satisfactory  specimens  for  the  tests  it  was 
necessary  to  construct  a  series  of  slabs  sufficient  in  size 
to  permit  all  operations  to  be  carried  out  as  they  would 
be  in  actual  construction.  Since,  in  some  cases,  vibra- 
tion was  to  be  used  for  the  consolidation  of  the  con- 
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crete,  it  was  necessary  that  the  method  of  supporting 
the  slabs  during  construction  be  comparable  to  that 
which  would  normally  be  used  in  the  design  of  such 
floor  systems. 

The  series  consisted  of  11  slabs,  in  duplicate,  or  a 
total  of  22  slabs  each  22  feet  long,  <>  feet  wide,  and 
8  inches  thick.  In  their  construction  the  various  ma- 
terials and  methods  were  combined  as  shown  in  Table  1. 
It  will  be  seen  from  this  table  that  in  placing  the  con- 
crete containing  the  Haydite  aggregates  the  air  hammer 
was  not  used.  This  omission  was  made  because  it  was 
believed  that  a  satisfactory  comparison  between  meth- 
ods could  be  made  on  the  other  two  materials  and  that 
sufficient  data  concerning  Haydite  would  result  from 
the  slabs  made  by  the  other  three  methods. 

Table  1.  -List  of  test  sections 


Slab 
numbi.TS 

Method  iif  placing 

Aggregates 

13  and  24. 

12  and  23. 
3  and  14. 

-""do--"]  ~--~~~~--I!---II---! 

Oravel  and  natural  sand. 

(i  and  17 
-and  19.. 
7  and  Is 

do 

Vibrated  with  electric  tampei 
do.. 

Fine  and  coarse  Haydite. 

Crushed  limestone  and  natural  sand. 

Gravel  and  natural  sand. 

".)  and  25 

..do... 

11  and  22. 
10  and  21. 

Vibrated  with  air  hammer 

do,- 

Crushed  limestone  and  natural  sand. 
( travel  and  natural  sand. 

1  To  each  of  the  6  slabs  placed  by  the  Vibrolithic  process  there  was  added  trap  rock 
in  the  proportion  of  50  pounds  per  square  yard. 

The  concrete  in  each  of  these  slabs  was  subjected  to 
the  following  tests: 

1.  Flexural  strength  — 

a.  Flexural  strength  of  36  by  72  inch  slab-,  8 

inches  thick. 

b.  Flexural  strength  of  8  by  8  by  36  inch  sawed 

beams. 

2.  Compressive  strength — 

a.  Compressive  strength  of  (i  by  8  inch  drilled 

cores. 

b.  Compressive  strength  of  6  by  12  inch  control 

cylinders. 

3.  Modulus  of  elasticity — 

Modulus  of  elasticity  of  6  by  8  inch  drilled  cores. 

4.  Bond  strength  of  embedded  steel— 

a.  Vertically  placed  bars. 

b.  Horizontally  placed  bars. 

5.  Stress  and  deflection  measurements  in  reinforced 
slabs,  36  by  72  inches  in  area. 

0.   Absorption  tests. 

7.  Wear  tests,  to  determine  relative  surface  hardness 
of  the  concrete. 

8.  Tests    of    resistance    to    alternate    freezing    and 
thawing. 
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GENERAL  PROCEDURE  DESCRIBED 

In  order  that  the  effect  of  construction  methods 
might  be  the  same  on  the  test  slabs  as  on  actual  bridge 
floor  slabs,  the  test  slabs  were  constructed  on  stringers 
which  consisted  of  18-inch,  54.5-pound  I  beams,  22  feet 
long,  placed  5  feet  4  inches  on  centers  and  supported  at 
either  end  by  short  concrete  pedestals. 

Although  each  of  the  large  slabs  was  constructed  as  a 
unit,  it  was  divided  in  the  forms  into  sections  of  a  size 
suitable  for  testing  by  wooden  dividing  strips  or  parti- 
tions about  half  the  depth  of  the  forms,  or  3%  inches 
in  width.  These  dividing  strips,  2  inches  thick  with 
chamfered  edges,  were  fastened  in  the  forms  in  a  very 
dry  condition.  On  placing,  the  wet  concrete  caused 
these  strips  to  swell  siifhciently  to  crack  the  large  slabs 
into  smaller  sections.  Details  of  the  method  of  divid- 
ing thejarge  slab  are  shown  in  Figures  1  and  2. 
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Figure  1. — Details  of  Test  Slabs 

materials  used 

The  materials  used  were  obtained  from  the  same 
sources  as  the  materials  contemplated  for  use  on  the 
bridge.     Their  physical  characteristics  are  given  below. 

Cement. — The  cement  used  was  a  reputable  brand  of  Portland 
cement  with  the  following  characteristics.  The  values  given 
are  the  averages  of  tests  of  five  samples. 

Fineness,  percentage  retained  on  200-mesh  sieve 1!».  li 

Soundness Satisfad < 1 1-  . 

Time  of  set  (Gilmore  needle) : 

Initial 3  hours,  15  minutes. 

Final 7  hours,    0  minutes. 

Normal  consistency,  per  cent 21.  6 

Tensile   strength    (pounds  per  square  inch — 1  :  3    Ottawa    sand 
mortar) : 

7  days 253  pounds. 

28  days 365  pounds. 

Fine  aggregates. — The  sand  used  as  a  fine  aggregate  in  these 
tests  came  from  Suffolk  County,  N.  Y.     It  consists  essentially  of 
angular  grains  of  quartz,  containing  a  small  amount  of  mica  and 
feldspar.     Physical  tests  gave  the  following  results: 
Sieve  analysis: 

Total  retained  on — ■ 

No.  4  sieve per  cent..       2 

No.  8  sieve do 13 

No.  14  sieve do 24 

No.  28  sieve do 49 

No.  48  sieve do 87 

No.  100  sieve do 98 

Silt  and  clay do 0.  4 

Apparent  specific  gravity 2.  67 

Weight  in  pounds  per  cubic  foot  (dry  rodded) 105 

Organic  matter  (color  test) Satisfactory. 

Strength  ratio — 

7  davs per  cent..   116 

28  days do 106 

Fineness  modulus 2.  73 

Haydite  is  a  manufactured  aggregate  consisting  of  fused  clay 
or  shale.     It  was  obtained  from  Jackson  County,  Mo.     Haydite 


n  i 

Figure  2. — Form  Ready  for  Construction  of  Large  Slab. 
Note  Separators,  Steel  Mats,  and  Bars  for  Bond  Tests 

No.  6,  which  was  used  as  a  fine  aggregate,  gave  the  following  test 

results: 

Sieve  analysis: 

Total  retained  on — 

No.  4  sieve per  cent..      0 

No.  8  sieve do 5 

No.  16  sieve do 37 

No.  30  sieve do 60 

No.  50  sieve do 74 

No.  100  sieve do 83 

Apparent  specific  gravity 1.61 

Weight  in  pounds  per  cubic  foot  (dry  rodded) 68.  75 

Percentage  absorption 14.  7 

Fineness  modulus 2.  59 

Coarse  aggregates. — The  gravel,  which  was  obtained  from 
Suffolk  County,  N.  Y.,  consisted  essentially  of  rounded  fragments 
of  sandstone  and  quartz.  Prior  to  the  mechanical  analysis  the 
gravel  as  received  was  separated  into  four  sizes  and  recombined 
as  follows: 

Over  1%  inches per  cent..     23 

%  to  V/i  inches do 37 

Yt  to  %  inch do 32 

Less  than  Yl  inch do 8 

Mechanical  analysis — 
Total  retained  on — 

1^-inch  screen do 9 

%-inch  screen do 52 

%-inch  screen do 78 

No.  4  sieve do 95 

No.  8  sieve do 99 

Apparent  specific  gravity 2.  61 

Weight  in  pounds  per  cubic  foot  (dry  rodded) 112 

Percentage  absorption 0.  28 

Fineness  modulus 7.  33 

Following  are  the  results  of  physical  tests  on  the  crushed  stone, 
a  siliceous  limestone  from  Rockland  County,  N.  Y. 
Mechanical  analysis: 

Total  retained  on — 

1 '4-inch  screen per  cent..        3 

%-inch  screen do 52 

%-inch  screen do 88 

No.  4  sieve do 98 

No.  8  sieve do 99 

No.  16  sieve do 100 

Apparent  specific  gravity 2.  82 

Weight  in  pounds  per  cubic  foot  (dry  rodded) 106 

Percentage  absorption 0.  05 

Percentage  wear 4.  5 

Fineness  modulus 7.  40 

Following  are  the  results  of  physical  tests  on  the  34-inch  Hay- 
dite which  was  used  as  coarse  aggregate: 
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Mechanical  analysis: 
Total  retained  on — 

lj^-inch  screen per  cent..  0 

%-inch  screen do 1 

%-inch  screen do 34 

No.  4  sieve do 85 

No.  8  sieve do 96 

No.  16  sieve do 100 

Apparant  specific  gravity 1.31 

Weight  in  pounds  per  cubic  foot  (dry  rodded) 51.  75 

Percentage  absorption 7.  4 


Fineness  modulus. 


6.  10 

The  trap  rock  which  was  used  in  the  Vibrolithic  concrete  was 
obtained  from  Rockland  County,  N.  Y.  Following  are  its 
characteristics: 

Size:   1  to  2  inches. 

Apparent  specific  gravity 2.  83 

Percentage  absorption 0.  18 

Description:  Gabbroitic  diabase. 

DESIGN  OF  CONCRETE  MIXES 

The  mixtures  used  were  modifications  of  experimental 
mixes  for  the  particular  aggregates  used,  as  developed 
in  the  testing  laboratory  of  the  Port  of  New  York 
Authority.     In  both  the  gravel  and  the  limestone  mixes 


the  grading  of  the  aggregates  was  in  accordance  with 
specifications  of  the  Port  of  New  York  Authority,  as 
were  the  fineness  moduli  of  the  combined  aggregates. 
For  these  two  aggregates  the  real  mix  was  identical, 
although  the  percentage  of  fine  to  coarse  aggregate  was 
varied  slightly  to  give  the  desired  workability.  In  the 
case  of  the  Haydite  aggregates  the  mix  \\;is  fixed  as  a 
1 : 1 K : 3  loose  volume  mix,  with  3  pounds  of  Celite 
added  to  each  sack  of  cement,  this  having  been  found 
the  most  satisfactory  of  several  experimental  mixes  by 
the  laboratory  of  the  Port  of  New  York  Authority. 
The  high  absorption  of  Haydite  made  it  necessary  to 
use  the  material  in  a  saturated  condition  in  order  to 
control  the  water  cement  ratio.  Both  the  fine  and  the 
coarse  Haydite,  packed  in  burlap  sacks,  were  com- 
pletely submerged  in  water  for  from  1G  to  20  hours. 
The  sacks  of  material  were  then  removed  from  the 
water  and  allowed  to  drain  for  one  hour  before  mixing- 
was  begun. 

Surface  moisture  determinations  were  made  for  both 
Haydite  aggregates  and  for  the  sand  just  prior  to  their 


Table  2. — Concrete  design  data  for  bridge  floor 

slabs 

Surface  moisture 

Batch  quantities 

Percent- 
age fine 
aggre- 
gate 

Percent- 

Fineness 

Water- 
cement 

ratio 

Real  mix 

Nominal  mix 

Cement 
factor 

age 
coarse 
aggre- 
gate 

modulus 
of  mixed 
aggre- 
gate 

Slab 
No. 

Fine  ag- 
gregate 

Coarse 
aggre- 
gate 

Water 

Cement 

Fine  ag- 
gregate 

Coarse 
aggregate 

Type  of  aggregate  and 
method  of  placing 

Bags  per 
cubic 

Per  cent 

Per  cent 

Pounds 

Pounds 

Pounds 

Pounds 

yard 

3 

13.9 

4.2 

f    M-31.5 
I    %-34.5 

\         94 

100.1 

150.6 

/        0.83 

\          .88 

1    1:3.88 

1:1.25:2.79 

7.96 

30.9 

09. 1 

5.00 

Haydite,  hand  placed. 

■4 

1.8 

0 

49.4 

94 

225.  0 

420.0 

.86 

1:4.79 

1:2.10:3.75 

5.03 

35.9 

04.1 

5.08 

Grave],  vibrolithic. 

5 

1.9 

0 

51.7 

94 

243.0 

383.0 

.90 

1:4.65 

1:2.27:3.61 

5.27 

38.6 

61.4 

5.60 

Stone,  vibrolithic. 

6 

14.8 

2.9 

28.5 

94 

97.  1 

151.1 

.76 

1:3.  SS 

1:1.20:2.84 

7.71, 

29.7 

70.3 

5.10 

Haydite,  vibrolithic. 

7 

1.8 

0 

49.4 

94 

230.5 

430.  5 

.86 

1:4.92 

1:2.  16:3.84 

5.26 

36.0 

64.0 

5.67 

Gravel,  electric  tamper. 

8 

1.4 

0 

53.2 

94 

258.0 

402.0 

.91 

1:4.91 

1:2.42:3.79 

5.39 

39.0 

61.0 

5.58 

Stone,  electric  tamper. 

9 

14.3 

4.2 

f     H-28.5 
\     J^-28. 0 

}         94 

103.4 

152.  3 

f          .80 
\          .79 

}     1:3.95 

1:1.29:2.82 

7.94 

31.4 

68.6 

5.04 

Haydite,  electric  tamper. 

10 

2.2 

0 

48.2 

94 

231.5 

430.5 

.85 

1:4.92 

1:2.16:3.8! 

5.  18 

36.0 

64.0 

5.67 

Gravel,  air  hammer. 

11 

2.8 

0 

49.4 

94 

262.0 

402.0 

.91 

1:4.91 

1:2.43:3.79 

5.28 

39.1 

60.9 

5.57 

Stone,  air  hammer. 

12 

2.5 

0 

47.6 

94 

232.6 

430.5 

.86 

1:4.92 

1:2.16:3.84 

5.02 

36.0 

64.0 

5.67 

Gravel,  hand  placed. 

13 

2.9 

0 

49.1 

94 

262.8 

402.8 

.91 

1:4.92 

1:2.43:3.80 

5.20 

39.0 

61.0 

5.58 

Stone,  hand  placed. 

14 

13.3 

4.7 

28.0 

94 

102.5 

149.2 

.78 

1:3.88 

1:1.29:2.75 

8.18 

31.9 

68.  1 

5.02 

Haydite,  hand  placed. 

15 

1.8 

0 

49.4 

94 

230.  5 

430.5 

.86 

1:4.92 

1:2.16:3.84 

4.98 

36.0 

64.0 

5.67 

Gravel,  vibrolithic. 

16 

2.5 

0 

50.2 
(     H-28.0 

94 
1 

261.8 

402.8 

.91 
[          .79 

1:4.92 
1 

1:2.43:3.80 

5.00 

39.0 

61.0 

5.58 

Stone,  vibrolithic. 

17 

13.9 

4.5 

J4-27.5 

I     >>-27.0 

49.4 

94 

104.8 

150.7 

.78 

I          .78 

.86 

[    1:3.93 

1:1.31:2.78 

7.72 

32.0 

6S.0 

5.02 

Haydite,  vibrolithic. 

IS 

,8 

0 

1 

94 

230.5 

430.5 

1:4.92 

1:2.16:3.84 

5.  18 

36.0 

64.  0 

5.67 

Gravel,  electric  tamper. 

19 

1.7 

0 

52.4 

94 

259.5 

402.8 

.91 

1:4.92 

1:2.43:3.80 

5.43 

39.0 

61.0 

5.58 

Stone,  electric  tamper. 

21 

1.8 

0 

49.4 

94 

230.  5 

430.5 

.86 

1:4.92 

1:2.  16:3.84 

5.11 

36.0 

64.0 

5.67 

Gravel,  air  hammer. 

22 

2.6 

0 

50.0 

94 

262.0 

402.  8 

.91 

1:4.92 

1:2.43:3.80 

5.29 

39.0 

61.0 

5.58 

Stone,  air  hammer. 

23 

2.6 

0 

47.2 

94 

232.9 

430.  5 

.85 

1:4.92 

1:2.16:3.84 

5.15 

36.  0 

61.0 

5.67 

Gravel,  hand  placed. 

24 

2.5 

0 

50.2 

94 

261.8 

402.8 

.91 

1:4.92 

1:2.43:3.80 

5.  11 

39.  o 

61.0 

5.58 

Stone,  hand  placed. 

25 

9.4 

6.5 

27.0 

94 

93.8 

149.6 

.73 

1:3.78 

1:1.24:2.70 

8.43 

31.5 

68.5 

5.04 

Haydite,  electric  tamper. 

SEPARATE  AGGREGATES 

Fine- 
ness 

modu- 
lus 

Weight 

per  cubic 

foot 

Per- 
Specific  c^f 

8ravlty    (calcu- 
lated) 

Absorp- 
tion 

Sand 

2.73 

Pounds 

105.  00 
112.00 

106.  00 

2.67  ,      37.0 
2.61         31.2 

2. 82  39. 8 

2.83    

1.61  ,       31.6 
1.31         36.7 

Per  cent 
1.00 

Gravel. 

Limestone _  

Trap 

7.33 
7.40 

.28 

.  it;, 
.  is 

Haydite  No.  6 

2.59 
6.16 

68.75 
51.75 

14.70 

Haydite,  coarse 

7.40 

MIXED  AGGREGATES 


Sand  and  gravel 

Sand  and  limestone 
Haydite 


Weight 

per  cubic 

foot 


Pounds 
133. 9 
134.1 
69.6 


Shrinkage 

(act  or 


0.  82 
.79 
.  96 


use,  and  an  allowance  for  it  was  made  in  calculating 
the  water-cement  ratios.  As  both  the  gravel  and  the 
stone  aggregates  were  sun-dried,  sacked,  and  stored 
under  cover,  no  measurable  surface  moisture  was  pres- 
ent. All  mixtures  were  made  as  dry  as  compatible 
with  the  methods  of  placing  used,  the  consistency  of  all 
mixes  being  limited  to  a  slump  of  1/2  inches.  Table  2 
gives  the  complete  mixing  data.  The  batch  quantities 
shown  are  the  actual  weights  of  the  materials  used, 
including  surface  moisture. 

METHODS  OF  CONSTRUCTION 

In  the  construction  of  the  test  slabs  six  forms  were 
used.  These  forms,  constructed  of  2-inch  tongue-and- 
groove  planking,  were  set  up  with  8-foot  intervals 
between  them.  Down  the  center  of  these  8-foot  spaces 
narrow-gage  tracks  were  laid  running  parallel  to  the 
long  axes  of  the  slabs.  Perpendicular  to  these  tracks 
and  passing  along  one  end  of  the  forms,  there  was  laid 
another  narrow-gage  track  which  led  to  a  field  testing 
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machine  designed  to  make  cross-bending  tests  on  the 
3  by  6  foot  sections.  Narrow-gage  cars  with  platform 
decks  fitted  with  rollers  were  used  to  move  the  test 
specimens. 

All  aggregates  were  stored  and  all  mixing  was  done 
on  a  terrace  or  bench  about  4  feet  above  the  level  of 
the  forms 

The  mixing  was  done  in  a  10-cubic-foot  drum-type 
mixer  electrically  driven  at  the  rate  of  20  r.  p.  m.     All 


2,200  vibrations  per  minute  for  a  period  of  three  to 
four  minutes  for  each  G-foot  section.  As  the  forms 
were  filled  the  platforms  were  moved  forward  in  steps 
of  approximately  3  feet  and  the  concrete  vibrated  anew, 
five  positions  of  the  platforms  covering  the  entire  22- 
foot  slab.  The  irregular  mortar  surface  left  on  removal 
of  the  platforms  was  smoothed  off  with  a  wooden  strike 
board  and  the  surface  finished  by  belting.  These  slabs 
were  also  covered  with  wet  burlap. 


urn  A      i^Jllfc  '  n^iid 

-  -^  m 

ih^/UB&ihitr- 

PLACING 


VIBROLITHIC    PROCESS 


electric  tamper  air  hammer 

Figure  3. — The  Four  Methods  Used  for  Consolidating  the  Concrete 


batches  were  mixed  for  two  minutes  and  then  dis- 
charged into  concrete  buggies.  The  buggies  were 
wheeled  to  a  platform  resting  on  top  of  the  form,  where 
they  were  dumped.  The  concrete  was  shoveled  from 
this  platform  into  place  in  the  slab  forms  and  com- 
pacted and  finished  by  one  of  the  following  methods. 

Hand  placing. — In  the  case  of  the  hand-placed  slabs 
the  concrete  was  well  spaded  along  the  edges  of  the 
forms,  tamped  across  once  with  an  8  by  2  inch  steel- 
edged  strike  board,  and  then  struck  off.  The  slab  was 
then  belted  with  an  8-inch  rubber  belt  and  covered  with 
wet  burlap  as  soon  as  the  surface  would  allow. 

Vibrolithic  process. — The  concrete  in  these  slabs  was 
placed  and  struck  off  in  the  same  manner  as  in  the  case 
of  the  hand-placed  slabs.  As  soon  as  the  surface  of 
the  slab  had  been  struck  off  it  was  covered  uniformly 
with  trap  rock,  1  to  2  inches  in  size,  in  the  proportion 
of  50  pounds  to  the  square  yard  of  surface.  On  this 
stone  special  slatted  platforms,  G  feet  long  by  14  inches 
wide,  were  placed.  Over  these  platforms  the  patented 
vibrator  was  rolled  and  the  concrete  subjected  to  about 


Two  types  of  platform  were  used  in  these  tests.  The 
first  series  of  Vibrolithic  slabs  was  finished  with  the 
standard  platform  which  has  Jo-inch  spaces  between 
the  cleats.  On  the  platforms  used  in  the  second  series 
the  cleat  spacing  was  reduced  to  one-fourth  inch  in  an 
attempt  to  reduce  the  amount  of  mortar  brought  to 
the  surface.  This  modification  apparently  reduced 
somewhat  the  thickness  of  the  mortar  cover. 

The  electric  tamper. — The  placing  of  concrete  by  this 
method  followed  the  procedure  used  in  the  case  of  the 
hand-placed  slabs  up  to  and  including  the  shoveling  of 
the  concrete  from  the  dumping  platform  into  the  forms. 
The  concrete  once  in  place  was  vibrated  by  means  of 
a  patented  electric  tamper  which  causes  a  vibration  of 
relatively  small  displacement  but  of  high  frequency, 
quite  different  from  the  direct  but  slower  blows  of  the 
air  hammer.  The  tamper  consists  essentially  of  an 
unbalanced  weight  on  the  shaft  of  a  rotor  revolved  by 
an  electric  motor.  When  this  rotor  is  revolved  at  its 
normal  speed  of  3,600  r.  p.  m.  the  unbalanced  weight 
sets  up  vibrations  in  the  entire  device.     These  vibra- 
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Figure  4. — Values  of  Modulus  of  Rupture  of  36  by  8  by  72  Inch  Slabs  Tested  at  22  Days.     Each  Value  Is  the  Average 

of   Four  Tests 


tions  are  transmitted  to  the  form  and  to  the  concrete 
by  means  of  a  wooden  tamping  bar  bolted  to  the  motor 
frame.  The  vibrations  are  reduced  before  reaching  the 
operator  through  spring  connections  between  the  motor 
and  the  operating  handles.  The  total  length  of  time 
that  each  22-foot  slab  was  vibrated  was  about  20 
minutes.  The  slabs  were  finished  with  the  wooden 
strike  board  and  belted,  and  were  covered  with  wet 
burlap  immediately  after  the  initial  set. 

The  air  hammer. — The  procedure  in  placing  this  type 
of  slab  was  the  same  as  for  the  electric  tamper,  except 
that  the  concrete  was  compacted  by  vibrating  the  steel 
I-beam  stringers,  and  through  them  the  forms  and 
concrete,  by  means  of  an  air  hammer.  The  hammer 
used  was  a  Cleveland,  type  C  6  hammer,  weighing  85 
pounds  and  having  a  rated  delivery  of  from  1,200  to 
1,250  blows  of  27  ±  foot-pounds  per  minute  when  oper- 
ated under  65  pounds  air  pressure.  A  wooden  tamping 
bar  2  by  4  inches  in  cross  section  bolted  to  a  section  of 
a  steel  cutting  tool  was  inserted  in  the  hammer.  Each 
I-beam  was  vibrated  for  approximately  one-half  a 
minute  for  each  one-bag  batch,  the  total  time  of  vibra- 
tion for  the  entire  slab  being  about  20  minutes,  or  the 
equivalent  of  the  period  of  vibration  used  in  the  Vibro- 
lithic  and  electric  tamper  placements. 

Figure  3  shows  the  equipment  used  in  each  of  the 
four  methods  of  placing. 

Curing  and  storing. — At  the  end  of  24  hours  the  sides 
and  ends  of  the  forms  were  removed.  The  slabs  were 
kept  covered  with  wet  burlap  for  12  days.  On  the 
thirteenth  day  after  casting  the  decking  of  the  form 
was  dropped  and  the  test  specimens  removed  from  the 
steel  stringers.  The  slab  sections,  which  had  been 
separated  by  the  swelling  of  the  wooden  separators  in 
the  forms,  were  lifted  from  the  I  beams  by  a  specially 
constructed  steel  cradle  and  a  chain  hoist  suspended 
from  a  movable  steel  A  frame.  The  sections  were 
placed  in  the  8-foot  spaces  between  the  forms,  resting 
on  the  narrow-gage  rails,  which  served  as  sills  and 
supported   the  slabs   clear  of  the  ground.     The  form 


was  then  reassembled  and  was 
the  followine;  dav. 


ready  to  he  used  again 


FLEXURE  TESTS  ON  .)  BY   li  FOOT  SLABS 

Tests  for  flexural  strength  were  made  on  four  3  by  0 
foot  sections  of  each  large  slab.  All  of  these  specimens 
were  tested  at  the  age  of  22  days,  the  bottom  of  the 
slab  being  in  tension.  The  machine  used  for  the 
testing  of  these  specimens  is  described  below.  On  the 
twenty-second  day  after  casting,  the  four  sections  not 
containing  steel  reinforcement  (i.  e.,  sections  2,  4,  5, 
and  7  in  fig.  1)  were  removed  from  the  storage  tracks 
by  means  of  the  overhead  A  frame  and  hoist  and  were 
moved  on  the  narrow-gage  railway  to  the  field  testing 
machine. 

This  field  testing  machine  is  shown  on  the  cover.  It 
consisted  of  a  structural-steel  frame  for  supporting  the 
specimen  and  for  providing  a  reaction  for  the  ball- 
bearing ratchet  jack  used  to  apply  the  load.  Freedom 
of  motion  at  the  knife-edges  was  provided.  The  load 
was  applied  at  the  third  points  of  the  span  and  its 
magnitude  was  determined  by  a  measurement  of  the 
deflection  of  a  pair  of  steel  beams  previously  calibrated. 

In  computing  the  modulus  of  rupture  of  the  specimen, 
the  dead  loads  due  to  the  weight  of  certain  parts  of  the 
testing  machine  and  to  the  weight  of  the  specimen 
itself  were  considered,  as  were  the  actual  dimensions  of 
the  slab  at  the  plane  of  rupture. 

Comparative  data  from  these  flexure  tests  are  shown 
in  Table  3,  and  the  average  modulus  of  rupture  for  each 
test  slab  is  shown  in  Figure  4.  These  data  indicate 
that  at  the  age  of  22  days — 

1.  The  concrete  placed  by  the  three  vibrating 
methods  had  higher  flexural  strength  than  that  placed 
by  hand  methods  for  all  of  the  aggregates  used. 

2.  The  concrete  placed  by  the  Vibrolithic  process  had 
higher  flexural  strength  than  that  placed  by  any  of  the 
other  methods  for  all  of  the  aggregates  used. 

3.  In  the  case  of  the  gravel  concrete,  that  placed 
with  the  air  hammer  and  that  placed  with  the  electric 
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Table  3. —  Values  of  modulus  of  rupture  of  3  by  6  foot  slabs  tested 
**ia<  age  of  22  days;  span,  60  inches,  load  applied  at  third  points 

GR  WEL   AGGREGATE 


Type 

Slab  No. 

SectioD 

No. 

Modulus 

of  rupture 

A\  erage 
modulus 
if  rupture 

Average 

weigh! 

per  cubic 

foot 

Lbs.  per 

Lbs.  per 

so.  in. 

so.  in. 

Pounds 

f              2               468 

12 

4  474 

5  1            477 

>          465 

144.8 

7  [            442 

23 

I               2               306 

4  ;            418 

5  376 
7              392 

373 

145.7 

2 

488 

4 

4 

5 

563 
569 

535 

147.4 

7 

521 

15 

2 
4 

7 
2 

519 
576 
570 
553 
478 

>           554 

149.9 

7 

4 
5 

442 
440 

\           435 

1 47.  y 

I              " 

379 

1 

18 

2 
4 
5 
1               7 
2 

521 
499 
443 

509 

I           504 

147.  6 

10 

4 
5 

459 

437 

\          466 

147.9 

Air  hammer .. 

7 
2 
4 
5 

457 
490 
469 
490 

21 

476 

147.5 

[              7 

454 

tamper  had  approximately  equal  flexural  strengths. 
In  the  case  of  the  concrete  in  which  crushed  limestone 
was  used  as  the  coarse  aggregate,  that  placed  with  the 
electric  tamper  had  a  flexural  strength  intermediate 
between  that  placed  by  the  Vibrolithic  process  and 
that  placed  with  the  air  hammer. 

These  indications  are  of  course  limited  to  the  flexural 
tests  at  22  days  and  do  not  take  into  consideration 

Table  4. — Values  of  modulus  of  rupture  of  8  by  8  by  36  inch  sawed 
beams;  span,  30  inches,  load  applied  at  third  points 

GRAVEL  AGGREGATE 


LIMESTONE   AGGREGATE 


HAYDITE    AGGREGATE 


Hand  pla 


M 


Vibrolithic  process 


Electric  tamper. 


25 


22 

417 

4 

483 

5 

482 

27 

443 

22 

441 

24 

441 

2  5 

457 

!7 

459 

2 

463 

4 

544 

5 

557 

/ 

4(3 

2 

538 

4 

550 

5 

557 

* 

659 

2 

425 

4 

419 

5 

419 

7 

441 

2 

537 

4 

574 

5 

592 

7 

547 

r       >2 

441 

13 

■4 
'5 

457 

485 

J           452 

148.1 

HancTplaccd.  . 

17 
12 

427 
431 

! 

,4 

'4 
5 

17 
2 

448 
451 
413 
614 

436 
1 

149.8 

5 

4 
5 

542 
618 

579 

1 

151.8 

Vibrolithic  process 

7 
2 

512 
545 

16 

4 
5 

0 

525 
581 
546 
589 

549 

152.5 

8 

4 
5 

599 
580 

574 

151.2 

Eleetrictaniper     

2 

527 
548 

19 

4 
5 

2 

515 
489 
457 
548 

[.          502 

153.1 

11 

4 
5 

586 
517 

1          541 

151.9 

22 

7 
2 
4 
5 

512 

538 
458 
443 

1     "' 

150.4 

I               7 

452 

456 


450 


120 


62 


Type 


Hand  placed 

Vibrolithic  process. 
Electric  tamper. 
Air  hammer 


Slab 
No. 


12 

I    23 

4 

15 

18 
10 
21 


Modulus  of  rupture  in  pounds  per  square  inch 


Sec- 
tion 

No. 


Aver- 

28        age 

days      for 

slab 


427 
"609' 


475 

"sir 


475 

511 


Aver- 

90    j   age 

days      for 

slab 


Till 
576 
532 
M'.l 
615 


601 
768 

IMi 


547 


627 
742 
547 


701 
554 
732 
661 
627 
547 
627 
644 


180 
days 


627 
593 
434 
519 
620 
653 
750 
625 
589 
503 
550 
546 
623 
467 
642 
586 


Aver- 
age j  365 
for  ,  days 
slab 


010 


476 
636 


687 
546 


548 


614 


LIMESTONE  AGGREGATE 


Hand  placed. 


Vibrolithic  process. 


Electric  tamper 


Air  hammer. 


24 


22 


518 

:    461 

404 
673 

616 

560 
623 

560 

498 
704  | 

630 

555  I 
517 

518 

518  1 
596  . 



495 

393  1 
525 

501 

681 
620 
606 
764 
529 
639 
644 
610 
797 
801 
791 
701 
596 
885 
876 
754 
783 
818 
734 
672 
716 
661 
700 
598 
833 
666 
752 
673 
625 
700 
623 
538 


669 


COG 


773 


778 


752 


669 


731 


622 


521 
360 
360 
452 
480 
515 
503 
525 
773 
736 
768 
564 
561 
657 
735 
688 
692 
735 
638 
523 
736 
617 
652 
574 
763 
652 
634 
672 
731 
499 
617 
628 


423 


506 


680 


619 


104.1 


104.1 


105.5 


109.3 


105.  4 


hi-,  s 


'  Slight  honeycomb  in  bottom. 


'Slight  honeycomb. 


HAYDITE 

AGGREGATE 

f      2 

1 
396 

f  519 

f  571 

f  284 

| 

f      3 

4 
5 

432 
358 

[  401 

517 
406 

469 

481 
500 

496 

;;il5 
224 

1    305 

Hand  placed 

f      2 

419  1 
531 

435 
683 

424 

:ii;ii 

348 
243 

I     14 

I 

1       2 

487 
468 
500 
526 

[  496 

758 
788 
643 
580 

718 

385 

35S 
380 
191 

372 

259 
280 
274 
245 

264 

1       fi 

4 

s 

461 

441 

457 

]   522 
638 

604 

503 
505 

476 

252 
1   244 

232 

400 

(is? 

406 

1    180 

\  ibrolithic  process. 

j 

646 

| 

550 

.-,711 

285 

I    17 

2 

628 
678 
659 
643 

653 

562 
542 
575 
546 

557 

553 

541 

411 

555 

270 
227 
318 
245 

275 

f      9 

4 
1      5 

549 
576 

573 

531 
542 

541 

485 
161 

433 

207 
301 

250 

Electric  tamper 

I 

524 
499 

j 

{  545 
631 

372 

378 

1 

248 
394 

[     25 

4 
5 

488 
514 

503 

520 
515 

553 

375 

ii'.H 

>  407 

295 
370 

355 

1       ' 

511 

' 

[  546 

J 

I  482 

1 

I  362 
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possible  effects  of  variations  in  temperature  and  humid- 
ity during  this  period. 

FLEXURE  TESTS  ON  S  BY  8  BY  36  INCH  SAWED  BEAMS 

The  specimens  used  in  these  tests  were  obtained  by 
sawing  into  beams  the  fragments  of  the  3  by  G  foot 
slabs  used  in  the  22-day  flexure  tests.  This  operation 
was  performed  with  a  high-speed  inserted- tooth  car- 
borundum saw  which  in  general  was  very  satisfactory, 
except  that  the  cutting  in  the  siliceous  aggregates  was 
somewhat  slow. 


applied  loads  and  was  based  on  the  actual  ruptured 
section  of  the  specimen. 

The  flexural  strengths  of  the  individual  specimens  are 
given  in  Table  4,  as  well  as  averages  for  the  beams 
from  each  section  of  each  slab.  Figure  I)  shows 
graphically  the  effects  of  age,  method  of  placing, 
and  of  aggregates  on  the  flexural  strength  of  these 
specimens. 

In  order  to  study  the  effect  of  the  various  methods 
of  placing  on  the  flexural  strength  of  concrete  of  each 
material,  a  summary  of  the  data  in  Table  4  was  pre- 
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TESTING    MACHINE 


Figtjrr  5. — Apparatus  Used  in  Making  Flexure  Tests  on  Sawed  Beams 


The  program  called  for  the  testing  of  four  beams 
from  each  large  slab  at  each  of  four  test  periods  (28 
and  90  days,  6  months,  and  1  year).  Because  of  the 
difficulty  of  sawing  the  specimens  of  gravel  concrete 
and  other  unavoidable  delays,  it  was  not  possible  to 
prepare  and  test  this  number  of  specimens,  and  it  will 
be  noted  in  the  tabulated  data  that  the  number  of 
specimens  varies,  particularly  in  the  28-day  tests. 

Another  difficulty  which  was  not  foreseen  was  a  con- 
siderable variation  in  the  moisture  condition  of  the 
sawed  specimens  tested  at  the  early  ages.  The  sawing 
process  requires  a  free  flow  of  water  over  the  spec- 
imen, and  at  the  early  ages  some  of  the  specimens  were 
taken  almost  directly  from  the  saw  to  the  testing 
machine.  Moreover,  the  specimens  for  the  tests  at  28 
days,  90  days,  and  6  months  were  stored  in  the  open 
air  without  protection  from  the  time  of  sawing  until 
the  time  of  test.  In  the  case  of  the  1-year  test  spec- 
imens, the  sawing  was  completed  well  in  advance  of  the 
date  of  test  and  the  specimens  were  stored  in  a  metal 
building  for  at  least  10  weeks  before  testing. 

The  apparatus  used  for  this  test  is  shown  in  Figure  5. 
The  load  was  applied  at  the  third  points  of  the  span, 
which  was  30  inches.  Tension  was  produced  in  the 
bottom  of  the  specimen  as  cast.  The  conventional 
testing  machine  in  which  the  apparatus  was  set  up  was 
operated  slowly  with  a  handwheel.  The  modulus  of 
rupture  was  calculated  from  the  combined  dead  and 


pared,  considering  the  strength  of  the  hand-placed 
concrete  as  100  per  cent  in  each  case.  The  results  of 
this  summary  are  shown  in  Table  5. 

The  indications  of  these  figures  are  in  rather  striking 
agreement  with  those  of  the  tests  of  the  3  by  6  foot  slabs 
at  22  clays.  It  will  be  noted  that  the  vibrated  concrete 
generally  shows  higher  flexural  strength  than  does  the 
hand-placed  concrete.  This  is  most  noticeable  in  the 
case  of  the  specimens  having  the  limestone  aggregate, 
and  is  also  clearly  indicated  by  the  specimens  having 
gravel  aggregate.  In  the  case  of  the  specimens  in 
which  Haydite  was  used,  the  majority  of  tests  indicate 
a  slight  superiority  on  the  part  of  the  hand-placed  con- 
crete. It  is  also  shown  that  of  the  three  vibrating 
methods  used,  the  Vibrolithic  process  yielded  concrete 
of  the  greatest  flexural  strength. 

Comment  has  been  made  on  the  possible  effect  of  the 
moisture  condition  of  the  specimens  at  the  time  of  test 
on  their  flexural  strength.  It  is  believed  that  the  appar- 
ent general  retrogression  in  strength  between  90  and 
180  days  is  due  to  the  fact  that  the  specimens  were  in  a 
drier  condition  at  180  than  at  90  days.  Special  care 
wTas  taken  with  the  1-year  specimens,  as  has  been  noted. 

In  general,  the  data  show  a  normal  increase  in  flexural 
strength  except  in  the  case  of  the  Haydite  concrete 
specimens,  where  a  sharp  drop  in  flexural  strength  took 
place  between  the  6-month  and  1-year  tests.  The  cause 
of  this  lias  not  been  determined. 
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Figuee  6. — Effects  of  Age,  Method  of  Placing,  and  Type  of  Aggregate  on  Flexural  Strength  of  Concrete.  Values 
Shown  are  Mean  Values  of  Modulus  of  Rupture  for  Sawed  Beams  from  Two  Slabs  of  Each  Type  as  Given  in- 
Table  4.    Dash  Lines  Indicate  Mean  Values  for  Large  Slabs  Broken  at  22  Days 


'able  .")-  Flexural  strength  of  8  by  8  by  36  inch  sawed  beams, 
expressed  as  a  percentage  of  the  strength  of  the  beams  taken  from 
hand-placed  concrete 

GK  W  F.I.  AGGREGATE 


Age 

Hand 
placed 

Vil.ro- 
lithic 
process 

Electric 
tamper 

Air  hum- 
mei 

DAYS 

28-. 

Per  cent 
100 

Per  cent 
143 
111 
122 
129 

Per  cent 

Per  cent 
115 

90. 

180 

3(J5._ __ 

Average. 

100 
100 
100 

94 
100 

103 

101 

io- 
ns 

100  [           126 

99 

110 

LIMESTONE  AGGREGATE 


28.. 
90.. 
180. 
365. 


Average. 


100  j 

128 

125 

100 

122 

111 

100 

147 

139 

100 

112 

118 

100 

128 

123 

HAYDITE  AGGREGATE 


108 
106 
140 
115 


28 

100 
100 
100 
100 

124 
98 

119 
89 

120 
92 
97 

106 

90 

180 

:ti;.r. 

Average 

100 

107 

104 

After  the  1-year  tests,  additional  specimens  were 
sawed  from  the  slabs  of  Haydite  concrete,  dried  for  a 
period  of  25  days  in  a  boiler  room  and  tested  at  the  age 
of  15  months.  At  this  time  the  weight  appeared  to  be 
constant.  The  15-month  tests  showed  a  decrease  in 
flexural  strength  over  that  of  the  specimens  tested  at 
one  year.  This  decrease  averaged  about  20  per  cent 
of  the  1-year  strength.  Unfortunately  there  was  not 
sufficient  concrete  available  to  attempt  to  determine  the 
cause  of  this  peculiar  retrogression  in  flexural  strength, 
but  it  is  suspected  that  it  may  be  related  to  the  moisture- 
retaining  properties  of  this  material,  and  further  inves- 
tigation seems  advisable. 

COMPRESSIVE  STRENGTH  OF  6  BY  8  INCH  DRILLED  CORES 

Tests  for  compressive  strength  were  made  on  6  by  S 
inch  drilled  cores  at  ages  of  28  days,  90  days,  and  1  year. 
These  cores  were  drilled  with  a  conventional  steel  shot 
core  drill  from  fragments  of  the  3  by  6  foot  slabs  used 
for  the  22-day  flexure  tests.  One  core  was  drilled  from 
each  of  the  four  sections  of  each  6  by  22  foot  slab  for 
each  of  the  three  ages  at  which  compression  tests  were 
made.  Within  24  hours  after  drilling  the  cores  were 
capped  with  neat  cement  and  stored  in  the  open  air, 
adjacent  to  the  slabs  from  which  they  were  taken,  until 
they  were  tested.  Correction  was  made  for  the  length 
of  the  core  in  calculating  the  unit  compressive  strength. 

The  data  from  these  tests  are  given  in  Table  6  and 
the  average  values  are  shown  graphically  in  Figure  7. 
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Figure  7. — Effects  of  Age,  Method  of  Placing,  and  Type  of  Aggregate  on  Compressive  Strength  of  Drilled  Cores 


Table  6. — Compressive  strength  of  6  by  8  inch  drilled  cores         Table  G. — Compressive  strength  of  6  by  8  inch  drilled  cores — Con. 


Slab 
No. 

Aggregate 

.Method  of  placing 

Compr 
in  po 
inch 

28  days 

/  4, 137 
I  3,310 

essive    s 
unds  per 

90  days 

rength 
square 

305 
days 

12 

JGravel 

4.  830 
1,302 

4,  885 

23 

Average... 

1  4,  740 

3.  724 

4,566 

4,812 

[Gravel 

Vibrolithic  process 

4 

f   4.700 
1  4,893 

5,306 
5,  675 

5,915 

15 

Average . 

4,826 

5,520 

5,778 

JGravel 

Elect rie  tamper 

7 

/  3,975 
\  3,961 

4,410 
4,583 

4,525 

18 

Average 

4,810 

3,968 

4,  496 

4,668 

JGravel 

Average 

A ir  hammer. _ 

10 
21 

/  4,137 
I  4, 173 

4,920 
4.780 

5,  000 
5,580 

4.155 

4.850 

5,590 

>  Limestone 

Hand-placed. 

13 

/  3,471 
\  3,532 

4,614 
4.  120 

5,150 

3,  502 

4.367 

5,025 

[Limestone 

Vibrolithic  process 

5 

/  4,701 
\  4,652 

4,684 
1  5,  278 

5,995 
5,825 

16 

4.676 

4,981 

5,910 

Limestone. 

Electric  tamper 

8 

/  4,444 
I  4,210 

5,429 
4.  844 

5,915 
I  4,  955 

19 

4,327 

5,130 

5,435 

'/Limestone 

11 

i   4.527 
|  3,894 

5,277 
4,810 

5,440 
1  5,  485 

22 

4,210 

5,044 

5,402 

VHaydite 

3 

/  3,863 
\  3,136 

4,375 
4,015 

l.ssn 

14 

3,500 

4,195 

4,  682 

Slab 

No. 

Aggregate 

Method  of  placing 
\  ibrolithic  process 

Compressive   strength 
in  pounds  per  square 
inch 

28  days 

90  days 

365  day 

6 

Haydite...  . 

if  4,014 
1  4,164 

4,590 

1.684 

5, 365 

17 

Average. 

5,  110 

.. .      4.  090 

4.637 

5.  238 

9 

[Haydite 

Electric  tamper   .   

/  3,555 

4,841 
4,  428 

5,558 

25 

"-  \  '4,091 

5,410 

.  _  .      3.  623 

4,640 

5,484 

It  will  be  noted  from  these  data  that  the  concrete,  for 
all  methods  of  placing  and  for  all  three  aggregates, 
shows  a  progressive  increase  in  strength  with  age.  It 
is  also  evident  that  the  mechanical  methods  of  placing, 
in  general,  result  in  higher  compressive  strength  than 
is  obtained  by  hand  placing  and  also  that  of  the  three 
mechanical  methods  used  the  Vibrolithic  process  gave 
concrete  of  the  highest  compressive  strength. 

In  an  effort  to  rate  the  four  methods  of  placing  used 
in  this  investigation,  an  average  flexural  strength  and 
an  average  compressive  strength  was  obtained  for 
each  method.  In  these  average  values  are  included 
all  ages  of  test  and  all  aggregates.  The  average 
strength  is  expressed,  in  each  case,  as  a  percentage 
of  the  strength  of  the  hand-placed  concrete  of  com- 
parable age  and  aggregate.  The  result  of  this  com- 
parison is  as  follows: 


Hand 
placed 

Vibro- 
lithic 
process 

Electric 
tamper 

Air 
hammer 

100 
100 

120 
119 

108 
109 

113 

Compressive  strength1  (drilled  cores) 

113 

Average  of  3  tests.    All  other  values  given  are  averages  of  4  tests. 
87154—31 2 


1  Strength  expressed  is  a  percentage. 
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Figure  8. — Resume  of  Strength  Data,  Showing  Variation  of  Flexural  Strength  of  Sawed  Beams,  Compressive  Strength 
of  Drilled  Cores,  and  Modulus  of  Elasticity  of  Drilled  Cores,  with  Increasing  Age  of  Specimen 


These  values  show  rather  strikingly  that  the  method 
of  placing  influences  the  flexural  and  the  compres- 
sive strength  to  an  equal  degree.  All  of  the  data 
are  in  general  accord  as  to  the  effect  of  the  methods  of 
placing  on  the  strength  of  the  concrete. 

The  concrete  containing  the  Haydite  aggregate 
compares  very  favorably  in  compressive  strength  with 
that  containing  the  other  aggregates  and  no  retrogres- 
sion in  compressive  strength  was  found  to  occur.  A 
limited  number  of  cores  were  tested  at  the  age  of  15 
months.  One  half  of  these  were  in  a  saturated  condi- 
tion and  the  other  half  were  thoroughly  dried.  No 
marked  difference  in  strength  between  the  wet  and  the 
dry  specimens  was  found.  Moreover,  no  appreciable 
change  in  compressive  strength  between  the  1-year 
and  15-month  periods  was  observed. 

In  comparing  aggregates  it  should  be  remembered 
that  the  cement  factor  of  the  concrete  containing  the 


Haydite  was  about  one  and  one-half  times  that  of  the 
concrete  containing  the  other  aggregates.  If  the 
comparison  is  made  on  the  basis  of  equal  cement  fac- 
tors (see  Table  2)  and  all  ages  and  methods  of  placing 
are  averaged,  it  will  be  found  that,  from  the  standpoint 
of  compressive   strength  only,   the  following  relation 

exists  :  Compressive  strength  in 

pounds  per  square  inch 

per  bag  of  cement  in  a 

Type  of  aggregate :  cubic  yard  of  concrete 

Gravel 929 

Limestone 923 

Haydite 560 

If  the  reciprocals  of  the  values  of  compressive 
strength  tabulated  above  are  obtained  and  multiplied 
by  1,000,  an  index  is  obtained  which  gives  the  number 
of  sacks  per  cubic  yard  required  per  1,000  pounds  unit 
compressive  strength  in  the  concrete.  Values  of  the 
index  thus  obtained  are  as  follows: 
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Bags  per  cubic  yard 

for  each  1,000 
pounds  per  square 
incn  compressive 
Type  of  aggregate:  strength 

Gravel 1.  076 

Limestone 1.  083 

Haydite 1.  786 

These  values  are,  of  course,  useful  only  for  comparing 
the  costs  of  concrete  of  a  given  compressive  strength 
when  made  of  the  materials  used  in  this  investigation. 

It  should  also  be  remembered  that  the  weight  of  the 
concrete  containing  the  Haydite  aggregate  is  about 
105  to  110  pounds  per  cubic  foot,  as  compared  with  a 
weight  per  cubic  foot  of  from  145  to  150  pounds  for  the 
concrete  containing  the  other  aggregates  (see  Table  3), 
and  it  will  probably  be  found  in  the  majority  of  cases 
that  decreases  in  slab  weight  are  of  more  economic 
significance  than  are  increases  in  the  cost  of  construc- 
tion of  the  slab  itself. 

MODULUS  OF  ELASTICITY 

At  each  of  the  periods  at  which  compressive  strength 
tests  were  made  the  modulus  of  elasticity  was  deter- 
mined for  each  of  the  cores.  The  loads  were  applied  in 
a  universal  testing  machine  operated  by  a  handwheel. 
The  deformations  were  measured  with  a  Martens 
type  of  extensometer  operating  on  a  4-inch  gage  length. 

Table  7. — Average  values  of  modulus  of  elasticity  of  6  by  8  inch 
drilled  cores 


Slab 

Aggregate 

Method  of  placing 

Initial  modulus  of  elasticity 

No. 

28  days 

Lbs.  per  sq. 

in. 
!  4.925,000 
\  4,377,000 

90  days 

365  days 

12 

jGravel 

Lbs.  per  sq. 

in. 

6,105,000 

4, 165, 000 

ids.  per  sq. 
in. 

5,  625,  000 

23 

1  5, 147,  000 

4,651,000 

5, 135,  000 

5,  386, 000 

jGravel 

Vibrolithic  process 

4 
15 

/  5,110,000 
I  4,937,000 

5.  876,  000 
5,  042,  000 

6,  619,  000 
5,  677,  500 

5,  023,  500 

5,  459,  000 

6,148,250 

JGravel 

Electric  tamper 

7 
18 

(  4,2^0.000 
\  5,6^0,000 

5,  742,  000 
5, 102,  000 

5,  549,  750 
5,  100, 000 

4, 980, 000 

5, 422,  000 

5,  324,  875 

JGravel 

10 

/  4.  5X0,  000 
1  4.491.000 

5,110,000 
5,  225,  000 

4,  759,  250 

21 

6,  030,  000 

4, 535,  500 

5, 167,  500 

5,  394,  625 

13    1 

f  4,900,000 
I  4,490,000 

5, 135.  000 
4,617,000 

r,,  410, 000 

Vibrolithic  process 

5,  620,  000 

Average  . 

I.  695,  000 

4, 876,  000 

6,015,000 

,„    [Limestone     . 

5.085,000 

1  6,205.000 

6,  007, 000 
5.  970.  000 

7.  SMI,  7511 
7,  672,  500 

5,  645,  000 

5,  988, 500 

7,781,  125 

Electric  tamper 

8 
19 

|  Limestone     .  - 

Average.. 

'Limestone 

1  5,305,000 
\  5,010,000 

•0,000 
5,  350,  000 

6,  750,  000 
i  5,  893,  000 

5, 157,  500 

5, 865,  000 

6,321,500 

Air  hammer 

11 
22 

/  5,700,000 
\  4,815,000 

6,190,000 

5,  415,  000 

7,130.000 
1  6,  426.  000 

5,  257,  500 

5,  802,  500 

6,  778.  000 

\  Haydite 

Average 
>Havdite 

Average.. 
jHavdite 

3 

/  2,240,000 
1  2,025,000 

2,401,000 
2.  290,  000 

2,  450,  500 

14 

2,  437,  000 

2, 132,  500 

2,  345,  500 

2,  443.  750 

Vibrolithic  process 

6 
17 

/  2,655,000 
I  2,855,000 

2,642,000 

2,  39 1,  000 

3,038,000 
2,935,000 

2,  755.  000 

2,  518,  000 

2,  986,  500 

Electric  tamper 

9 
25 

/  2,230,000 
\  2,352,000 

2,3s.ri. ) 

2,  757,  000 

2.  600.  000 
2,660,000 

2,  291, 000 

2,571,000 

2, 630,  000 

1  Average  of  3  tests.    All  other  values  given  are  averages  of  4  tests. 


(For  a  description  of  an  instrument  of  this  type  sec 
Public  Roads,  vol.  9,  No.  8,  October,  1928,  The 
Modulus  of  Elasticity  of  Cores  from  Concrete  Roads, 
by  A.  N.  Johnson.)  The  precision  of  the  deformation 
measurements  is  very  high  witli  this  apparatus,  and 
for  the  concrete  used  in  these  tests  the  stress-strain 
relation  was  linear  up  to  unit  stresses  of  several  hundreds 
of  pounds  per  scpiare  inch.  It  is  the  slope  of  this  initial 
curve  that  is  referred  to  in  this  report  as  the  modulus 
of  elasticity. 

The  average  values  for  each  group  of  four  cores 
obtained  for  each  age  of  test  from  each  of  the  large 
6  by  22  foot  slabs  are  shown  in  Table  7,  and  these 
averages  are  shown  graphically  in  Figure  8,  where  the 
effect  of  age  on  the  modulus  of  elasticity  is  indicated. 

This  graph  also  contains  the  data  from  the  flexure 
tests  on  the  sawed  beams  and  from  the  compression 
tests  on  drilled  cores  plotted  on  a  logarithmic  time  scale 
and  gives  a  good  summary  picture  of  the  data  which 
have  been  thus  far  discussed. 

It  will  be  noted  in  this  figure  that  generally  the  value 
of  modulus  of  elasticity  increases  with  age.  This  effect 
is  most  marked  in  the  case  of  the  concrete  containing 
the  limestone  aggregate  and  is  barely  noticeable  in  that 
containing  the  Haydite. 

The  modulus  of  elasticity  of  the  concrete  containing 
the  Haydite  aggregate  is  generally  of  about  one-half 
the  magnitude  of  that  for  the  concrete,  containing  the 
other  aggregates.  This  was  consistently  true  through- 
out the  considerable  number  of  tests  made  (72  Haydite 
cores).  Although  the  slope  of  the  load-deformation 
curve  was  radically  different  for  this  concrete,  the  rela- 
tion appeared  to  be  linear  for  moderate  unit  stresses  ex- 
cept in  the  case  of  the  28-day  tests,  where  curvature 
began  at  very  low  loads.1 

The  individual  curves  have  been  omitted  because  of 
their  large  number. 

COMPRESSIVE  STRENGTH   OF  6  BY   12  INCH   CONTROL  CYLINDERS 

At  the  time  that  this  investigation  was  planned  it  was 
realized  that,  during  the  construction  and  curing  of  the 
several  slabs,  there  would  be  weather  variations  and 
that  these  might  have  an  effect  on  the  strength  of  the 
concrete.  Any  appreciable  effect  on  strength  would 
have  to  be  considered  in  drawing  conclusions  about  the 
variables  under  study.  It  was  believed  that  if  a  group 
of  6  by  12  inch  cylinders  were  made  out  of  the  concrete 
that  went  into  each  slab  and  that  if  these  were  exposed 
to  the  same  conditions  of  curing  and  weather  as  the 
slabs  themselves,  then  for  each  type  of  aggregate,  varia- 
tions in  strength  between  groups  of  cylinders  would 
reflect  the  influence  of  the  variations  in  temperature 
and  humidity  to  which  the  concrete  had  been  exposed. 

To  provide  these  data,  live  6  by  12  inch  cylinders 
were  made  from  concrete  from  sections  2,  4,  5,  0,  and 
8,  respectively,  of  each  large  slab:  These  specimens 
were  fabricated  in  accordance  with  standard  practice 
in  steel  molds  resting  on  and  covered  with  glass  plates. 
When  24  hours  old  they  were  removed  from  the  molds, 
capped,  and  placed  under  the  wet  burlap  which  covered 
the  slab  from  which  (hey  were  made.  The  cylinders 
remained  on  the  slabs  until  the  burlap  was  removed 
and  were  then  stored  in  the  vicinity  until  they  were 
ready  for  test  at  the  age  of  28  days. 

All  of  the  data  pertaining  to  the  cylinders  are  given 
in  Table  8.     The  water-cement  ratio  shown  is  a  calcu- 

1  For  a  discussion  of  the  effect  of  this  low  modulus  of  elasticity,  see  Jour.  Amer. 
Cone.  Inst.,  vol.  2,  No  2,  ( Ictober,  1930,  p.  151,  Construction  and  Design  Features  of 
Haydite  Concrete,  bj   F.  E.  Richart  and  V.  P.  Jensen. 


248 


PUBLIC    ROADS 


Vol.  12,  No.  10 


lated  value  and  the  air  temperature  is  a  mean  value  for 
the  10-day  period  immediately  following  the  placing  of 
the  concrete.  Mean  compressive  strengths  are  shown 
for  each  group  of  five  specimens,  and  the  individual 
variations  from  the  group  means  are  tabulated . 

Table  8. — Test  data  pertaining  to  the  6  by  12  inch  control  cylinders 


GRAVEL  AGGREGATE 


Compressive 
strength 


Varia- 
tion 
from 

group 
Average     avn  ijr 


0-  90 


G4.  8 


.91         52. 


64.  1 


54.8 


47.4 


(       3, 200 

, 

f      3.0 

3,300 

0 

!       '.'.  940 

3,  300 

10.9 

3.  660 

10.9 

3,  4110 

3.0 

3,645 

.7 

3.610 

1.7 

{       4. 025 

3,672 

\      9. 6 

3,490 

5.0 

1       3, 590 

2.2 

3,  345 

6.3 

3.  700 

3.6 

3.  675 

3,  570 

2.9 

3.  580 

.3 

3,  550 

.6 

4,  380 

13.3 

3,  140 

11.0 

4.065 

3,  865 

5.2 

1.  030 

4.3 

:i.  41(1 

lis 

3.  499 

11.0 

3,  175 

.7 

■!       3. 056 

3,  153 

{       3.1 

2,  263 

28.2 

3.  773 

19.7 

3,316 

7.3 

2.742 

11.3 

■!      :t.  os: 

3,090 

i          .  1 

3.412 

10.4 

2,  893 

6.4 

3. 023 

2.1 

3,  190 

7.7 

2,891 

2,961 

1       2.4 

2.783 

6.0 

2,920 

1.4 

3  520 

15.4 

2,980 

2.0 

■:     3.117 

3, 051 

2.2 

2,  888 

5.  3 

;      2,  752 

9.8 

Table  8. —  Test  data  -pertaining  to  the  6  by  12  inch  control  cylinders- 
Continued 

HAVDITE  AGGREGATE 


Slab 
No. 

.-,'.    1  Hill 

No. 

Water- 
cement 

ratio 

10-day 
temper- 
ature 

Compressive 
strength 

Varia- 
tion 
from 

group 
average 

Individ- 
ual 

Average 

■■', 

6 

9 

14 
17 

25 

[         2 

4 

5 

6 

8 

2 

4 

5 

6 

8 

2 

4 

5 

6 

8 

,          2 

\ 

\          5 

1          f> 

I         8 

1         I 
J         \ 
1         I 

\     \ 

5 
\          6 

1          8 

0.  S8 

\       .76 

.79 

r       ."8 
.78 

.73 

°  F. 
71.8 

56.6 

55.0 

64.1 
05.6 

38.0 

Lbs.  per 
sq.  in. 
4,050 
4, 320 

•  4, 380 
4,280 
4,960 
4,750 
5,030 

•  4  860 
4,860 
4,820 

4,  730 
5,120 

•  4, 385 

5,  390 
4,610 
4,  122 
4,361 
4,343 
4,407 

3,  259 

4,  404 
5,172 
4,217 
4,867 
4, 673 
5,617 
5,090 
4,693 

I      5, 112 

Lbs.  per  , 
sq.  in. 

4,  398 

4,  864 

\       4,847 

\       4,098 
4,  065 

\      5,037 

1 

Per  cent 

7.9 

1.8 

.4 

2.7 

12.X 

2.3 

3.4 

.1 

.1 

.9 

2.4 

5.6 

9.5 

11.2 

.       i" 

1        .6 

6.4 

6.0 

7.5 

20.5 

5.6 

10.9 

9.6 

4.3 

'      7.2 

11.5 

1.1 

6.8 

I       1.5 

A  study  of  these  data  was  made  in  order  to  draw  some 
conclusion  as  to  the  reliability  of  the  indicated  strengths 
for  use  as  a  basis  upon  which  to  compare  the  strength 
values  obtained  from  the  other  tests. 

It  will  be  noted  that  there  is  a  general  relation  be- 
tween the  compressive  strengths  and  the  water-cement 
ratio.  If  all  of  the  values  for  a  particular  aggregate  are 
averaged,  it  will  be  found  that  the  following  relation 
exists: 


Aggregate 


Crushed  stone 

Gravel 

Uaydite 


Average 

water- 
cement 
ratio 


0.91 


Average 
compres- 

si  ve 
strength  in 
pounds  per 
square  inch 


3, 333 
3,534 

4,  652 


Average 
cement 
factor  in 
bags  per 
cubic  yard 


5.  25 
5.11 
8.00 


The  variation  in  strength  of  the  individual  cylinders 
from  the  respective  group  averages  was  computed,  and 
these  data  are  included  in  Table  8,  as  previously  noted. 
From  these  variations  it  was  found  that — 

96  per  cent  of  the  values  show  variations  of  15  per 
cent  or  less; 

84  per  cent  of  the  values  show  variations  of  10  per 
cent  or  less; 

75  per  cent  of  the  values  show  variations  of  7.5  per 
cent  or  less; 

59  per  cent  of  the  values  show  variations  of  5  per  cent 
or  less. 

The  mean  variation  for  all  of  the  specimens  from  their 
respective  groups  averages  is  5.2  per  cent. 

This  analysis  indicates  that  there  is  no  abnormal 
variation  in  the  strength  data  for  the  control  cylinders 
when  the  number  of  specimens  is  considered.  It  also 
emphasizes  the  desirability  of  having  a  greater  number 
of  specimens  than  were  available  in  these  tests,  for  an 
investigation  where  the  close  determination  of  strength 
is  of  importance.     In  spite  of  careful  fabrication  and 
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attention  to  the  details  of  testing  technique,  unac- 
countable strength  variations  will  appear  in  the  data. 
Occasionally  these  are  of  rather  large  magnitude,  but 
unless  there  are  definite  grounds  in  the  history  of  the 
specimen  for  rejecting  the  data  they  must  be  retained 
and  included  in  the  averages.  Their  effect  may  be 
minimized  \>y  conducting  a  large  number  of  tests. 

In  order  to  examine  the  data  from  the  cylinders  with 
respect  to  effect  of  temperature,  as  indicated  by  the  10- 
day  mean  air  temperature,  the  average  compressive 
strengths  were  arranged  in  the  order  of  descending 
temperature  values  in  Table  9.  While  there  appears 
to  be  some  indication  of  an  increase  in  compressive 
strength  with  an  increase  in  the  average  air  temperature 
over  the  10-day  period  in  the  case  of  the  specimens 
containing  crushed  stone  and  gravel  aggregates,  the 
relation  is  not  established  and  there  is  no  such  indica- 
tion in  the  ease  of  the  specimens  containing  Haydite. 


The  conclusion  is  drawn,  therefore,  that  the  data  from 
the  control  specimens  are  normal  in  character  although 

Table  9. — Average  compressive  strength  of  groups  of  control  cylin- 
ders compared  with  corresponding  10-day  menu,  air  U  mperaturc 


Gravel  aggregate 


Temper- 
ature 


0  F. 
69.2 

64.7 
62.7 
60  '.i 
58.3 
53.  2 
51.6 
43.5 


Strength 


Lbs.  per 
sq.  in. 
776 
757 
698 
234 
850 
306 
(11(1 
605 


aggr 

d-stone 

jgate 

Strength 

Haydite  aggregate 
TZ?eer-    Strength 

Temper- 
ature 

Lbs.  per 

Lbs.  per 

°  F. 

sq.  in. 

°  F. 

sq.  in. 

64.8 

3,  300 

71.8 

1,398 

C4.1 

3,153 

65.  6 

4.  665 

62.9 

3,  865 

64.  1 

1,098 

>,(i  9 

3,570 

56.  li 

1.  864 

54.8 

3,  090 

55.  0 

1,847 

52  8 

3,  672 

38.0 

5,  037 

47.4 

3,051 

17   4 

2,961 

Table  10. 


-Compressive  strengths  of  drilled  cores  and  flexural  strengths  of  sawed  beams,  expressed  as  percentages  of  strengths  of 

corresponding  control  cylinders 


GRAVEL 


Slab 
No. 

Type 

A  =  aver- 
age com- 
pressive 
strength 
of  control 
cj  linders 

Lbs  im 

sq  i  n 
1       3, 698 
\       3. 040 

Drilled 

cores;  average  compressive  slier 
pounds  per  square  inch 

gth,  in 

Sawed  beams;  a  i  erage  modulus  of  rupture,  in  pounds  per  square 
inch 

28  days 

4,  137 

Percent-               Percent- 
age of    90 davs    age  of 
A                            \ 

1  year 

4,  885 

4.  775 

Percent  - 

age  ol 

A 

132.  1 
157  1 

28  days 

Percent 

age  of 
A 

Percent- 
90da\        .  i 

A 

Percent  - 
isodavs    ase  ol 

A 

l  year 
580 

Percent- 
age of 
A 

1? 

Hand  placed 

A  verage 

111.9        4.830        130  6 

701 

554 

19  0 
18.2 

61C          16  5 
176          15.6 

..      16.0 

15   7 

23 

3,310        108.9        4,302        141   7. 

127 

1  1  II 

717              18.0 

110.4    136  ii 

5,915 
5,640 

144  6 

156.  6 
150  1 

609 

1  1   II 
16    1 

18.6 

16.8 

19.0 

7:is           id  i, 

[vibrolithic 

Average.  

4 
15 

3,  776 

[       3, 757 

4,760        126  1)       5,366  1     142.  1 
4,893        130  2        7i.<)7:,        151.0 

i  ;.' 
661 

19    1 
1 7.  6 

18.5 

636          16  8 
687          IS  3 

12s.  1     '     146.5 

153.4 

16    1 

17.6 

19  3 

JElecIric  tamper... 

7 

f       3, 306 
\       3, 234 

3.975        120  2        4.410        133.4 
3,961        122.5       4,583        141.7 

I.  525 
4,  M0 

136  9 

lis.  7 

ii27 
547 

19.0 
16.  9 

546          16.5  [         532            16 

18 

Average 

■  ■Is          16. 9           U28  '         19. 4 

121.4    1     137.5 

142.8 

18.0 

j       10  7 

17. S 

JAir  hammer 

A  verage . 

10 

21 

,'       3. 850 
I       3. 005 

4,137 
4,173 

107.4       4.920  i     127.8 
115.8       4,780  ,     132.6 

:..c,i  in 
5,580 

145.4 

154.8 

477 
511 

12.3 
14.2 

627 

644 

16.3 
17.9 

545          14.2 

614  ,       17.0 

1 

590 

736 

15.3 
20.  4 

111.6    130.2 

150.1 

13.2 

17.  1 

1      15.6 

17.8 

LIMESTONE 


13 

[Hand  placed 

| 

3. 865 
3.051 

3,471 
3.532 

89.8 

115.8 

4,  614 
4,120 

119.4 
135.0 

5,150 
4,900 

133.  2 
160.  6 

461 

15.  1 

669 
606 

17.3 
19  9 

423 
506 

10.9 
16.6 

523 
691 

13.5 
22  6 

24 

Average 

I 

102.8 

127.2 

146.9    . 

15.1  '.. 

18.6 

13.8 

18.0 

Vibrolithic . 

5 
16 

----'< 

3.300 
3.  153 

4.701 
t.  652 

142  4  | 
147.  5 

1,684 

7>.  278 

141.9 
107.4 

5,995 
5.825 

LSI   7 
1S4   7 

616 
560 

Is   7 
17   8 

773 

77S 

23.4 

24   7 

7111 
660 

21.5 
20  9 

11 
1  50 

21.5 
20.  6 

111  '• 

154.  6 

183  -' 

i 

18.2    .. 

24  ii 

21   2 

21.0 

[Electric  tamper 

11 

8 
19 

{ 

3.  672 
3.090 

4,444 
4,210 

121   0 
136.  2 

5,  429 
4.844 

147  8 
156.8 

5,915 
4.955 

160  'i 
1C0.  3 

i  30 

7  l.s 

17.1 
16  s 

77'.' 
669 

'.'II  7 
.'1  6 

647 

1147, 

17   ii 
.'II  '1 

I  i 
684 

20.  3 
22.  1 

Average 

1 

128  6 

152.3 

5,440 
5.485 

Kill  6 

152  4 
185  2 

17.0    .. 

... 

21.0 

680 
619 

19  ii 
20.9 

19  'i 

720 
678 

21.2 

(Air  hammer 

11 

22 

,i 

3.570 
2,961 

1,525 

3,  894 

126.8 
131.5 

5,27^ 
4.  SKI 

117  8 
162.  4 

495 
501 

13.9 

16  '.I 

731 
622 

20.5 
21.0 

•ii  2 
22.  9 

129.2 



155.  1 

168  - 

15    1 

'Jll  7 

21  6 

HAVDri'K 


3 

14 

[Hand  placed    

I 

4,398 
1,098 

3,863 
3,  136 

87  s 
76  5 

4.  375 
4,015 

99  5 

'.IS    II 

1,880 
4,485 

110.9 
109,  4 

llll 
196 

'.i   1 
12,  1 

469 

7ls 

10.7 
17.5 

196 
372 

11.3 

9.  1 

305 

264 

i.  ii 
5.3 

98.  s 

110.2 

47.7 
653 

10.6 

9.  1 
14.0 

oil 
557 

i  1    1 

12.4 
11.9 

10.2 

' 

Vibrolithic 

6 
17 

/ 

1 

1,864 
4.  665 

4,011 
4, 165 

82   5 
89.3 

i   ,,'iu 
4.  684 

94  4 

100.4 

5.365 
5,110 

110.3 

109.  5 

47(1 
555 

'.I  8 
11.9 

232 

277. 

1  s 

85.9 

,.(  :; 
81.2 

1  sli 
4,428 

97    l 
ig 

5,560 

5,410 

109.9 

114.7 
107.4 

7,7:! 
503 

i  ; 

II  8 
HI  (I 

12.2 

10.8 

8  't 
8   l 

s   7, 

!50 
35 

i    1 

9 

25 

1-  lectric  tamper 

1 

4,847 
5,037 

3,555 
4.091 

541 

553 

11.2 

11.0 

i  .; 
1117 

7  (1 

77.2 

93.9 

111.0    - 

10.9 

II    1 

6.  1 
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somewhat  deficient  in  number,  and  that  the  lack  of  an 
adequate  number  of  specimens  probably  accounts  for 
the  failure  to  establish  the  relation  between  curing 
period  temperature  and  compressive  strength. 

In  Table  10  and  Figure  9  are  shown  the  compressive 
and  flexural  strength  data  obtained  from  the  various 
slabs  at  ages  of  1,  3,  6,  or  12  months.  These  data  are 
expressed  as  percentages  of  the  average  compressive 
strength  of  the  group  of  five  cylinders  tested  for  each 
of  the  particular  slabs  involved.  In  other  words,  the 
strength  of  this  group  at  28  days  is  taken  as  100  per 
cent  and  all  other  test  values  related  to  it.  It  should 
be  observed  that  Table  10  and  Figure  9  do  not  afford  a 
direct  comparison  of  the  strength  of  concretes  made 
with  different  aggregates.  They  serve  rather  to  in- 
dicate the  extent  to  which  the  strength  characteristics 
found  in  the  control  cylinders  were  realized  in  the 
finished  concrete. 


It  will  be  noted  that  when  the  relative  strengths  of 
the  concretes  containing  the  three  different  aggregates 
are  taken  into  account  the  trends  and  relationships 
shown  by  Figure  9  are  practically  the  same  as  those 
expressed  by  the  strength  data  before  they  were  modi- 
fied by  the  data  regarding  the  control  specimens  given 
in  Figure  8. 

RESULTS  OF  STRENGTH  TESTS  SUMMARIZED 

The  data  obtained  from  tests  of  flexural  and  com- 
pressive strength  indicate  that — 

1.  Mechanical  methods  of  placing  resulted  in  greater 
flexural  and  compressive  strengths  than  hand  placing  in 
the  case  of  the  concretes  containing  gravel  and  crushed- 
stone  aggregates. 

2.  In  the  case  of  the  concrete  containing  the  Haydite 
aggregate,  mechanical  methods  of  placing  produced 
concrete  of  higher  compressive   strength    than   hand 
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gure  9. — Flexural  Strengths  of  Sawed  Beams  and  Compressive  Strengths  of  Drilled  Cores,  Expressed  as  Per- 
centages of  Compressive  Strengths  of  Corresponding  Control  Cylinders 


December,  1931 


PUBLIC    ROADS 


25 1 


placing.  The  effect  of  vibration  on  the  flexural  strength 
seems  to  be  uncertain,  and  this  may  be  due  to  the  tend- 
ency of  the  materials  to  segregate  according  to  their 
specific  gravities  when  subjected  to  vibration. 

3.  The  increases  in  flexural  and  compressive  strengths 
due  to  mechanical  placing  are  considerably  more  marked 
in  the  case  of  the  angular  aggregate  than  they  are  in 
the  case  of  the  rounded  aggregate. 

4.  There  is  a  normal  increase  in  compressive  strength 
with  age  for  all  materials  and  methods  of  placing. 

5.  A  general  increase  in  flexural  strength  with  age 
occurred  with  both  the  crushed-stone  and  gravel  aggre- 
gates, while  for  some  reason  not  disclosed  by  these 
tests  a  continued  retrogression  in  flexural  strength 
occurred  after  90  days  in  the  concrete  containing  Hay- 
dite  aggregate. 

6.  Of  the  three  methods  of  mechanical  placing  em- 
ployed in  this  investigation,  the  Vibrolithic  process  had 
the  greatest  effect  on  strength. 

BOND  STRENGTH  OF  EMBEDDED  STEEL  BARS 

In  order  to  develop  information  concerning  the  effect 
of  the  aggregates  and  methods  of  placing  on  the  bond 
strength  of  embedded   steel,   a  rather  comprehensive 
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Figure  10. — Apparatus  Used  in  Bond  Tests 
of  Bars  Embedded  Horizontally 

series  of  bond  tests  was  included  in  the  program.  Rein- 
forcing bars  of  two  sizes,  each  size  of  both  plain  and 
deformed  types,  were  embedded  both  vertically  and 
horizontally  in  each  of  the  f  1  types  of  slab.  In  all,  170 
tests  were  made.  The  construction  of  the  specimens 
used  in  these  tests  was  unique  in  some  respects  and  for 
this  reason  will  be  described  in  some  detail. 

Two-foot  lengths  of  either  deformed  or  plain  round 
bars  were  embedded  in  sections  1  and  S  of  each  of  the 
large  slabs.  The  deformed  bars  were  used  in  the  first 
series  of  If  slabs  and  the  plain  bars  in  the  second  series, 
with  the  exception  that  deformed  bars  were  used  in 


slabs  23  and  24,  and  plain  bars  in  slabs  12  and  13. 
The  1-inch  bars  were  placed  in  section  1  and  the  K-inch 
bars  in  section  8  in  all  cases.  The  depth  of  embedment 
was  OK  inches  for  both  the  vertical  and  horizontal 
positions. 

The  vertical  bars  were  passed  through  holes  in  the 
bottom  of  the  slab  form  and  were  secured  in  such  a 
position  that  the  desired  embedment  was  obtained. 
The  upper  end  was  capped  with  a  large  cork.  After 
the  finishing  was  completed  and  the  concrete  had 
hardened,  the  cork  was  removed  and  the  end  of  the 
bar  exposed.  This  permitted  a  measurement  of  slip 
to  be  made  on  these  specimens. 


—  CORK     SPACE 

REINFORCING      BAR 


Figure  11. — Apparatus  Used  in  Bond  Tests 
of  Bars  Embedded  Vertically 

In  the  case  of  the  bars  placed  horizontally  a  somewhat 
different  scheme  was  adopted.  The  embedded  end  of 
each  bar  was  drilled  axially  and  tapped  to  receive  a 
piece  of  %-inch  drill  rod  18  inches  in  length.  This  rod 
was  sheathed  with  close-fitting  tube  of  thin  aluminum, 
which  served  to  prevent  any  bond  between  the  con- 
crete and  the  drill-rod  extension.  The  bars  were  in- 
serted through  horizontal  holes  in  the  ends  of  the  slab 
forms  at  the  mid-depth  of  the  slab.  The  bar  in  bond 
extended  into  the  concrete  OK  inches  and  the  drill-rod 
extension  continued  entirely  across  the  remainder  of 
the  slab  section,  the  end  being  supported  in  a  hole  in 
the  first  transverse  wooden  separator.  This  served  to 
hold  the  bar  in  position  during  the  placing  of  the  con- 
crete and  later,  upon  removal  from  the  forms,  to  expose 
the  extension  to  the  embedded  end  of  the  reinforcing 
bar,  permitting  measurements  of  slip  to  be  made. 

Sections  f  and  S,  illustrated  in  Figure  1,  were  both 
divided  into  two  equal  parts  by  a  short  longitudinal 
separator,  which  served  to  facilitate  the  handling  of 
the  bond  specimens. 

The  tests  were  made  in  a  universal  testing  machine, 
the  specimens  being  supported  on  a  large  spherical 
bearing  block  provided  with  a  radial  hole  which  allowed 
the  projecting  bar  to  extend  through  the  block.  This 
block  was  mounted  on  the  fixed  head  of  the  testing 
machine,  through  which  the  projecting  end  of  the  re- 
inforcing bar  passed  to  be  engaged  by  the  grips  in  the 
movable  head.  A  rubber  cushion  was  placed  between 
the  specimens  and  the  bearing  block.  During  the  test 
the  head  of  the  machine  was  lowered,  by  power,  at  a 
rate  of  0.05  inch  per  minute  (idling  rate),  thus  exerting 
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Table  11. —  Unit  bond  stress  at  initial  slijt,  in  pounds  per  square  inch 

DEFORMED  BARS 


Method 


Hand  placed 

Vibrolithic 

Electric-  tampei 

Air  hammer 

Hand  placed 

Vibrolithic 

Electric  tamper - 

Air  hammer 

Hand  placed 

Vibrolithic 

Electric  tamper. 


Horizontal  embedment 


1-inch  bars 


!  2-inch  bars 


Test  1 


473 

640 

1, 190 

1,318 

034 

1,155 
1,562 
1,  190 

542 

77(1 

1,  085 


Test  2 


1,310 
1, 132 
1,426 
1,552 

396 
1,369 
1,  845 
1,270 

457 
1,019 
1,062 


Test  1     Test  2 


892 

886 

1,308 

1,435 

515 

1,262 

1,704 

1,  230 

500 

894 

1,074 


1,  133 
730 
463 
847 

1,020 
478 

1,  165 
605 
385 
322 
960 


750 
688 
255 
759 
954 
018 
787 
865 
255 
815 
891 


Aver- 
age 


942 
709 
359 
803 
987 
548 
976 
73". 
320 
568 
926 


Vertical  embedment 


1-inch  bars 


Test  1 

Test  2 

1 

996 

172 

1,462 

1.082 

920 

1,229 

1,352 

1,473 

610 

1,  657 

1.141 

1.720 

1,888 

998 

856 

212 

402 

1,070 

757 

1,166 

768 

Aver- 
age 


584 

1,272 

1,074 

1,412 

610 

1,399 

1,804 

927 

307 

914 

967 


J  2-inch  bars 


Test  1 


568 

872 
714 

1,117 
805 
901 
922 

1,332 
354 
758 


Test  2 


607 

1,145 
568 
916 
722 

1,270 
778 
984 

1,039 
803 

1,138 


Aver- 
age 


588 
1,008 

1)41 
1,016 

764 
1,086 

850 
1,158 

696 

794 

902 


PLAIN  BARS 


Gravel 

<  i  ii  iu'il  stone 
Haydite 


Hand  placed 

Vibrolithic 

Electric  tamper. 

Air  hammer 

Hand  placed 

Vibrolithic 

Electric  tamper . 

Air  hammer 

Hand  placed 

Vibrolithic 

Electric  tamper. 


313 
261 

237 
292 
165 
1 25 
195 
343 
226 
210 
404 


310 

312 

272 

304 

288 

214 

214 

550 

422 

HIS 

184 

479 

213 

346 

272 

356 

314 

239 

316 

275 

256 

151 

151 

296 

361 

328 

574 

680 

351 

322 

541 

277 

409 

254 

300 

277 

322 

381  i 

82 

124 

280 

196 

238 

228 

280 

254 

568 

470  ! 

157 

141 

320 

376 

348 

450 

234 

342 

547 

401 

316 

256 

347 

237 

292 

212 

124 

los 

632 

576 

230 

286 

419 

391 

405 

552 

375 

401 

560 

001 

258 

242 

225 

225 

251 

251 

506 

387 

297 

254 

272 

251 

262 

290 

291 

290 

435 

455 

431 

418 

306 

311 

308 

416 

324 

370 

150 

570 

486 
278 
627 
352 
519 
504 
004 
580 
446 
445 
510 


tension  in  the  bar  and  tending  to  withdraw  it  from  the 
concrete. 

The  initial  and  progressive  slip  of  the  steel  in  the  con- 
crete was  determined  by  a  micrometer  dial  reading  in 
ten-thousandths  of  an  inch.  This  dial  was  supported 
by  a  heavy  base  which  rested  on  the  upper  surface  of  the 
concrete  specimen.  The  stem  of  the  dial  rested  against 
the  embedded  end  of  the  reinforcing  bar,  or  its  extension. 
Figures  10  and  11  show  the  way  in  which  the  bond 
specimens  were  set  up  for  test. 

The  weighing  beam  of  the  testing  machine  was  kept 
in  balance  as  the  load  was  applied  and  readings  of  load 
were  taken  at  the  point  of  initial  slip,  at  the  maximum 
resistance  to  slip,  and  at  intervals  of  0.01  inch  slip  up 
to  the  point  where  slippage  was  too  rapid  to  record. 
As  an  aid  to  the  accurate  determination  of  the  load  at 
the  instant  of  initial  slip,  a  small  electric  light  situated 
in  front  of  the  testing-machine  operator  was  placed  in  a 
circuit  which  was  broken  by  the  first  movement  of  the 
steel  bar  in  the  concrete.  'The  operator  was  thus  able 
to  keep  the  machine  balanced  and  still  catch  the  load 
reading  at  the  desired  instant.  It  is  believed  that  in  all 
cases  the  first  load  reading  was  obtained  before  the 
bar  had  slipped  one  ten-thousandth  of  an  inch. 

The  age  of  all  of  the  specimens  at  the  time  of  test  was 
nine  months,  and  during  this  period  they  were  stored 
out  of  doors. 

The  load  in  pounds  per  square  inch  of  bond  area  at 
which  initial  slip  occurred  is  given  for  each  test  in  Table 
1 1 ,  and  these  same  data  are  shown  graphically  in  Figure 
12. 

Figures  13,  14,  and  15,  show  the  load-slip  curves  for 
all  tests  with  the  plain  bars.  In  the  tests  with  the 
deformed  bars,  as  soon  as  the  bond  was  broken  the  bars 
began  to  exert  a  wedging  action  in  the  concrete,  and 
failure  occurred  either  by  rupture  of  the  bar  in  tension 
or  by  a  splitting  of  the  concrete  block. 

The  initial  unit  bond  resistance  of  the  deformed  bars 
is  consistently  much  higher  than  that  of  the  plain  bars 
as  indicated  by  the  values  in  Table  11.  The  1-inch 
plain  bars  developed,  on  the  average,  only  26  per  cent 
of  the  resistance  of  the  deformed  bars  of  the  same  size. 


The  ^-inch  plain  bars  developed  50  per  cent  of  the  re- 
sistance of  the  ^2-inch  deformed  bars. 

The  size  of  the  bar  appears  to  influence  the  unit  bond 
resistance.  In  the  case  of  the  deformed  bars  the  1-inch 
size  consistently  shows  higher  bond  values  than  the 
^2-inch  size,  while  for  the  plain  bars  exactly  the  reverse 
is  true.     This  is  shown  in  the  following  summary: 

Lbs.  persq.  in. 
Deformed  burs:  bond  stress 

1  inch,  horizontal  embedment 1,064 

)i  inch,  horizontal  embedment 716 

1  inch,  vertical  embedment 1,044 

}■>  inch,  vertical  embedment 864 

Plain  bars: 

1  inch,  horizontal  embedment 254 

y%  inch,  horizontal  embedment 308 

1  inch,  vertical  embedment 304 

)i  inch,  vertical  embedment 486 

The  data  indicate  that,  on  the  average,  the  bars 
placed  in  a  vertical  position  developed  about  15  per 
cent  more  bond  resistance  than  those  which  were  hori- 
zontal. 

A  study  was  made  to  determine  whether  or  not  the 
materials  from  which  the  concrete  was  made  affected 
the  bond  strength.  Classifying  the  data  according  to 
materials  and  averaging  all  values,  the  following  values 
are  obtained : 

Unit  bond  resistance  at  initial  slip 


Plain  bars 

Lbs.  per  *q.  in. 
335 
321 
345 

Deformed 
bars 

/  bs  i"  i  sq   i  h 

73'.) 

933 

1,035 

Thus  it  would  appear  that  for  the  low  resistance 
values  developed  by  the  plain  bars  the  materials  used  in 
the  concrete  did  not  have  an  appreciable  effect,  but  that 
for  high  bond-resistance  values,  such  as  were  developed 
by  the  deformed  bars,  the  aggregate  does  affect  the 
unit  bond  resistance.  It  is  noted  that  the  variations  in 
these  data   are  in  the  same  sense  as  the  modulus  ol 
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Figure  12. — Mean  Unit  Bond  Values.     Dash  Lines  Represent  Average  Values  for  Each  Group 


elasticity  values  for  the  three  materials  although  con- 
siderably different  in  degree. 

Passing  now  to  a  consideration  of  the  effect  of  the 
various  methods  of  placing  used  in  this  investigation  on 
the  initial  unit  bond  resistance,  we  find  that  the  bond 
strength  of  the  deformed  bars  was  very  noticeably 
increased  by  the  use  of  vibratory  methods.  In  the 
case  of  plain  bars  the  effect  is  much  less  marked.  The 
following  summary  shows  very  clearly  the  effects  just 
mentioned: 


I  'nit  hinid  resistance  at  initial  slip 


liain  burs 


i  lefoi  tried 

bars 


Sand  placed 
Vibrolithic  - 

Kin  1 1  ic  tampei 
Air  haiiim.  i 


Lbs  per  x<?  in.  Lbs.  p<  /  sq  in 

300  642 

309  945 

357  1,049 

387  1,089 
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Figure  13. — Load-Slip  Curves  for  Bond  Tests  of  Plain  Round  Bars  in  Gravel  Concrete 


In  the  tests  in  which  the  plain  bars  were  involved  the 
indicated  unit  bond  resistance  at  the  initial  slip  very 
probably  represents  true  bond  between  the  steel  and 
the  concrete.  With  deformed  bars,  however,  it  is 
probable  that  the  values  measured  are  a  combination  of 
bond  and  shear. 

The  wedging  action  of  the  deformed  bars  was  so 
marked  that  in  about  four  out  of  every  five  tests  the 
concrete  block  was  split  or  the  steel  bar  failed  in  tension. 
Of  the  ten  1-inch  bars  which  were  actually  pulled  out, 
six  were  from  hand-placed  concrete  specimens  and 
showed  honeycomb  around  the  bar.  Of  the  seven 
}a-inch  bars  actually  withdrawn,  four  were  from  hand- 
placed  concrete  showing  honeycomb,  and  all  seven  of 
the  bars  were  stressed  beyond  the  elastic  limit. 

In  all  of  the  tests  of  plain  bars  the  steel  was  withdrawn 
without  exceeding  the  elastic  limit  of  the  material.     It 


will  be  noted,  in  the  load-slip  curves  for  these  speci- 
mens, that  in  many  cases  the  maximum  resistance  did 
not  develop  at  the  initial  slip  but  after  a  very  slight 
movement  had  occurred.  It  is  probable  that  this  was 
true  in  all  of  the  cases,  but  that  the  precision  of 
measurement  was  not  sufficient  to  have  it  show  in  the 
data. 

These  bond  tests  indicate  that — 

1.  The  apparent  unit  bond  developed  by  deformed 
bars  is  consistently  much  higher  than  that  developed  by 
plain  bars  in  the  same  concrete.  This  comparison  is 
made  at  the  loads  at  which  the  first  slip  was  detectable 
with  the  apparatus  used  in  these  tests. 

2.  The  size  of  the  bar  seems  to  influence  the  apparent 
unit  bond.  With  plain  bars  the  %-inch  size  shows 
higher  values  than  the  1-inch  size,  while  with  deformed 
bars  the  reverse  is  true. 
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Figure  14. — Load-Slip  Curves  for  Bond  Tests  op  Plain  Round  Bars  in  Stone  Concrete 


3.  In  general,  the  bars  placed  in  a  vertical  position 
developed  somewhat  greater  bond  resistance  than 
those  placed  horizontally. 

4.  Where  slip  occurs  at  comparatively  low  load,  as  is 
true  of  the  plain  bars,  the  aggregate  in  the  concrete  does 
not  affect  the  resistance  developed,  but  where  deformed 
bars  are  employed  the  type  of  aggregate  does  influence 
the  resistance  to  a  considerable  degree. 

5.  The  method  of  placing  used  affects  the  bond  re- 
sistance, the  effect  being  more  marked  in  the  case  of  the 
deformed  bars  than  in  the  case  of  plain  bars.  The 
vibratory  methods  of  placing  resulted  in  better  bond 
than  was  obtained  by  the  hand-placing  method. 


TESTS  OF  THE  REINFORCED  SECTIONS 

As  has  been  noted  previously,  two  sections  of  each 
of  the  large  slabs  were  reinforced  with  mats  of  steel 
bars  of  the  same  size  and  in  the  same  amount  as  was 
being  considered  in  connection  with  the  design  of  floor 
slabs  for  the  bridge.  At  the  age  of  6  months  these 
sections  were  subjected  to  bending  tests,  observations  of 
slab  deflection  and  strain  in  the  concrete  being  made. 
The  details  of  the  arrangement  of  the  reinforcement  in 
the  concrete  are  shown  in  Figure  16. 

The  steel  used  consisted  of  %-inch  deformed  bars  of 
intermediate  grade.     The  mean  cross-sectional  area  of 
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Figure  15.      Load-Slip  Curves  for  Bond  Tests  of  Plain  Round  Bars  in  Haydite  Co.\crete 


these  bars  was  measured  and  found  to  be  0.191  square 
inch.  The  elastic  limit  averaged  47,355  pounds  per 
square  inch  (maximum  51,990,  minimum  44,240)  and 
the  ultimate  strength  ranged  from  84,400  to  72,040 
pounds  per  square  inch.  The  average  percentage  of 
elongation  was  21.2  per  cent.  All  of  the  specimens 
satisfactorily  passed  the  cold  bend  test. 

Figure  17  gives  a  general  view  of  the  way  in  which 
the  reinforced  sections  were  set  up  in  the  testing  ma- 
chine. The  weighing  table  of  the  machine  used  is 
provided  with  wing  extensions,  and  the  slab  supports 
rested  on  one  of  these.  A  60-inch  span  was  used  and 
the  load  applied  at  the  third  points  of  this  span  by  the 
framework  shown  in  the  figure  just  referred  to.  Hori- 
zontal freedom  was  provided  at  both  load  and  reaction 
points  by  rollers  acting  against  narrow  steel  plates 
embedded  on  the  surface  of  the  concrete.     There1  were 


no  particularly  unusual  features  in  the  test  set-up  and 
the  details  will  be  omitted. 

Deflection  of  the  mid-point  of  the  slab  was  measured 
with  a  micrometer  dial  reading  directly  in  ten-thou- 
sandths of  an  inch  and  supported  by  a  stiff  tubular 
steel  bridge  provided  with  steel  legs  which  rested  on 
points  set  in  the  upper  surface  of  the  slab  over  the 
reaction  supports.  One  of  these  legs  was  provided 
with  a  degree  of  horizontal  freedom  to  take  care  of 
temperature  and  bending  displacements.  This  appar- 
atus is  shown  in  position  in  the  general  view,  Figure  17. 

The  deflection  data  were  obtained  on  both  sections 
from  each  of  the  11  large  slabs  of  the  first  series  and 
the  observations  were  made  after  each  5,000-pound 
increment  of  load  had  been  applied.  These  data  are 
given  in  detail  in  Table  12,  and  the  load-deflection 
curves  are  shown  in  Figure  IS. 
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Table  12. — Detailed    record    of  tests    of   reinforced    concrete    slab 

sections 

SLAB   NO.   3.   HAYDITE,    HAND    PLACED;   SLAB     THICKNESS=8M 

INCITES 


Deflection  in  inches 

Stresses  in  section  3,  in  pounds  per 
square  inch 

Load  in  pounds 

Cor- 
rected 
Sec-       Sec-   |  M            to 
tion  3  '  tion  6    ' lean   8-inch 
thick- 
ness 

Gage 
No.  1 

Gage 
No.  2 

Gage 
No.  5 

Mean 

Cor- 
rected 

to 
8-incb 
thick- 
ness 

5  000 

0.0045   0.0044 
0093     .0091 
.0142      .0151 
.0205  .  .0217 
.  0285      .  0298 
.  0433      .  0488 
.  0588      .  0048 
.  0755      .  0306 
.0890     .0963 
.  1127 

54.  895      50,  000 

0.0044    II  0048 
,  0092      .  0101 
.1)146      .0160 
.0211        (1232 
0292      .  0321 
.0460      .0505 
.0618     ,0680 
.  0780      .  0857 
.0926      .1018 

.1238 

52,  448  50,  800 

10,000. .. 

210 

246 

232 

276 

15  000 

20,000 

25,000 

30,000 

486 

540 

564 

530 

630 

1,026 

1,026 

1.056 

1,036 

1,234 

35  000 

40,000 

1,506 

i~986 

1,  494 
1,980 

1,554 
"2,058" 

1,518 

.'.mis 

1,800 

45.000 

50,000 

Load   at   beam 
drop,  pounds.. 

"~2~  390 

SLAB  NO.  4,  GRAVEL,  VIBROLITHIC;  SLAB  THICKNESS=8H    INCHES 


5.000 

0.0015 
.0025 
.  0051 
ill  167 

0  0019 

.0039 
.0064 

.  0098 

0.0017 
.0032 
.  005  S 
,0082 
.0132 
0206 
.0314 
.0460 
.0590 
.  0726 

0.  0021 
.  0040 
.  0072 
.  0102 
.  0165 

0258 
.0393 
.0575 
.0738 

0908 

10,000. . . 

368 

294 

250 

304 

15,000 

20,000 

647 

6(13 

544 

598 

680 

25,000 

0121         0144 

30,000. 

.0192 
.  0292 

.0220 
.  0337 
.0497 
.  0625 
.0764 

1.309 

1,294 

1,145 

1,249 

1,420 

35,000 

40,000... 

.  0424 

2,170 

2,205 

1 ,  983 

2,121 

2,  110 

45,000 

.0554 
.0689 

IIS2H 

59. 875 

50.000 

2,881 

2  901 

2,000 

2,794 

;   170 

Load   at   beam 
drop,  pounds. . 

54,  390 

57.  132 

53,  600 

Figure  17. — General  View  of  Arrangement  for  Tests  of 
Reinforced  Slab  Sections 

Table  12. —  Detailed  record  of  texts  of  reinforced  concrete  slob  sec- 
tions— Continued 


SLAB   NO. 


LIMESTONE,    \  I  B  K<  I  L1TH  IC   SLAB   Til  1(  KN  ES8  =  8$ s 
INCHES 


Deflection  in  inches 


Stresses  in  .cctiun  3,  in  pounds  per 
square  inch 


Load  in  l 

lounds 

Sec- 
tion 3 

Sec- 
tion 6 

0.0015 
.  0027 
.0043 
,0061 
.  00S7 
.  0125 
0188 
0308 
0462 
.0601 
.  0748 
0888 

63,  521 

Mean 

Cor- 

rei  ted 
to       Gage 

8  inch     No.  1 

thick- 
ness 1 

Gage 
No.  2 

Gage 
No  5 

Mean 

Cor- 
rected 

to 
8-inch 
thick- 
ness 

5.000 

0.00)0 
.0024 

0.0012 

.  1)026 
.11(11(1 

0057 
.  0079 
.0111 

0161 
.  0273 
.0396 

0545 
.  (1692 

.0841 

(13.  322 

0.0016 

10,000     . 

.  (1035          180 
0053 

285 

240 

235 

171 

15  000 

units 
.  0053 
.0071 
0097 
0131 
0238 
0331 
0489 
.  0637 
II7!H 

63,  125 

20,000 

t,  nun 

.  0076         390 
.0105 

570 

150 

17(1 

5  5  J 

30,000 

.0148         630 
.0215 

sin 

870 

780 

917 

35,000 

40,000 

45,000 

50,000 

0364      1,365 
0528 

1,505 

1,     10 

1.467 

1.730 

0729 

55  000 

0923 



60,000 

Load    at    beam 
drop,  pounds. 

58  500 

SLAB  NO.  6,  HAYDITE,  VIBROLITHIC;  SLAB  THICKNESS 

=  S}«  INI    11  ES 

5.000 

10,000 

I).  003S 
.  0078 
.0113 
.  0163 
0224 
0328 
0466 
.  0598 
074  1 
(Hits 

54,  385 

II  0(137 
.  007(1 
.0122 
.  0169 
0239 
(1339 
.0508 
.  (1659 
.  0837 
.0997 

53  97.-, 

0.0038 

.0(177 
.(His 
,0166 
.11232 
0334 
0487 
0628 

.  0972 

54   ISO 

1)  11016 
.  0094 

(lilt 
.  0202 

02S3 
.0407 
.  0594 
.  0766 

1185 

47,  950 

198 

290 

205 

.31 

340 

15,000 

20,(1(10   

469 

5,7 

528 

521 

766 

25,000 

30,000 

924 

.    

1,022 

931 

959 

1,390 

35  ooo 

40,000 

1.32(1 
i .  789 

1,365 

1,1 

1,386 
2,  046 

1,357 
134 

2.000 

45,000 

50,000 

.',  -in 

Load    :ii    beam 
drop,  pounds  . 

SLAB  NO. 


Cli  \\  EL,  ELECTRIC  TAMPER;  SLAB  THICKN] 
8  INCHES  i 


5,000 (1  0025 

10,000 .0052 

15  000                           0087 

0.002] 
.  0048 
.0085 
0153 
0265 
.0421 
,0568 
.  0725 
.089! 
1058 

54.  535 

0.  0023 
.0050 
.  0086 
.0152 
027s 
(1160 
0628 
0806 
.  0983 

0  0023 
.0050 
.  0086 
.0152 

0278 
.0460 

0628 
.0806 

0983 

273 

230 

30! 

268 

268 

.'II, mm                           0152 

904 

718 

L,  004 

- 

- 

25,000 0291 

30,000                         0498 

1 ,  995 

J,  727 

1,880 

"2,  741 

2,  139 

3."  300 

2,  105 

2,9:  1 

2,  105 

35,000..-                     (Kiss 

40,000.. .0886 

2,92  i 

Ml  000 

Load    at    beam 
drop,  pounds  .  is.  260 

5 1 , 398 

51,398 

SLAB  NO.  8,  LIMESTONE,  ELECTRIC  TAMPER;  SLAB  THICKNES 

INCHES 


287 


30G 


277 


29 1 


5,000 ...0.0019    0.0019    0.0019    0.0021 

10,000                    ..    .0038      .0040      .0039      .0043 
15,000 .0057      .0062  1.0060     .0067 

i  Lower  steel  displaced  in  section  3     One  bottom  bar  out,  mal  raised  H-ineh,  moved 
2  inches  tow  ird  g  ig  IS. 
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Table   12. 


-Detailed  record  of  tests  of  reinforced    concrete    .slab 
sections — Continued 


SLAB  NO,  8,  LIMESTONE, 
8!4 

ELECTRIC  TAMPER;  SLAB  THICKNESS= 
INCHES— Continued 

Deflection  in  inches                     '"'"  ;l"  "'"  3'  ["  >IOUDds  Per 

square  inch 

Load  in  pounds 

Sec- 
tion 3 

Sec- 
tion 6 

Mean 

Cor- 
rected 

to 
8-inch 
thick- 
ness 

Gage 
No.  1 

734 

Gage 
No.  2 

Gage 
No.  5 

Mean 

Cor- 
rected 

to 
8-inch 

thick- 
ness 

20,000 

.0076 
.0112 
.0178 
.  0279 
.0418 
.0552 
.0695 

60,  015 

.0092 
.0167 
.  0217 
.0360 
.  0519 
.0679 
.0847 

58,  730 

.0084 
.0140 
.  0198 
.0320 
.0468 
.0616 
.0771 

59,  372 

.  0093 
.0155 
.0220 
.0355 
.0520 
.0684 
.0856 

57,  500 

545 

753 

677 

720 

25,000. 

:n  hi  hi 

1,276 

1,343 

1,417 

1,345 

35,000 _- 

40,000 

2,233 

2,300 

2,185 

2,239 

2,380 

45,000... 

50,000.. 

3,046 

3,113 

'  2,  997 

3,052 

3,250 

Load    at    beam 
drop,    pounds. 

SLAB   NO.  9,   HAYDITE,   ELECTRIC   TAMPER;   SLAB   THICKNESS=8 

INCHES 


5,000 

0. 0050 
.0107 
.0165 
.0250 
.0349 
.0516 
.0661 
.0849 
.1009 

49,  410 

0.  0051 
.0110 
.0190 
.0281 
.0407 
.0587 
.0760 
.0933 
.1109 

48,  730 

0.  0050 
.0108 
.0178 
.0266 
.0378 
.  0552 
.0710 
.0891 
.1059 

49,  070 

0.  0050 
.0108 
.0178 
.0266 
.0378 
.  0552 
.0710 
.0891 
.1059 

49, 070 

10,000 

306 

282 

252 

280 

280 

15,000 

20,000. . . 

630 

696 

600 

642 

642 

25,000 

30.000 

35,000 

1, 114 

1,236 

1,092 

1,147 

1,147 

40.000 

1,576 

1,704 

1,506 

1,595 

1,595 

45,000.. 

Load  at    beam 
drop,  pounds.. 

SLAB  NO.  10,  GRAVEL,  AIR  HAMMER; 

SLAB  THICKNESS* 

=8!.6  INCHES 

5,000 

0.  0021 
.0045 
.0075 
.0120 
.0183 
.0297 
.0442 
.0597 
.0738 
.0885 
.1040 

56,  675 

0.  0022 
.0051 
.0086 
.0130 
.  0192 
.  0301 
.0436 
.  0590 
.0752 

0.  0022 
.0048 
.0080 
.0125 
.0188 
.0299 
.0439 
.0594 
.0745 

0.  0023 
.0050 
.0084 
.0131 
.0198 
.  0315 
.0462 
.0625 
.0784 
.0931 
.1095 

56,  000 

10,000 

307 

256 

256 

273 

281 

15,000 

20,000 

704 

589 

666 

653 

674 

25,000 

30,000 

1,395 

1,  421 

1,332 

1,383 

1,426 

35,000 

40,000 

2,099 

2,202 

2,074 

2,125 

2,190 

45,000 

50,000 

2.  829 

2,919 

2,740 

2,829 

2,920 

55,000 

Load   at   beam 
drop,  pounds.. 

57,  085 

56,  880 

SLAB    NO.    11,    LIMESTONE,    AIR    HAMMER;    SLAB    THICKNESS  =  8 

INCHES 


5,000 

10,000 _- 

15,000 

20,000 

25,000 

30,000 

35,000 

40,000 

45,000 

50,000 

55,000 

Load    at    beam 
drop,  pounds.. 


0. 0022 
.0047 
.0070 
.0110 
.0151 
.0227 
.0334 
.0464 

I  .0587 
.0724 

i  .0846 


0.  0024 
.0047 
.0075 
.0112 
.  0173 
.0266 
.0417 
.0559 
.0712 
.0861 
.  1034 


60, 590  .58,  420  59,  505  59,  500 

I 


0.  0023 
.0047 
.0072 
.0111 
.0162 
.  0246 
.0376 
.0512 
.0650 
.0792 
.0940 


II.  illlL'.i 

.0047 
.0072 
.0111 
.0162 
.0246 
.0376 
.  0512 
.0650 
.0792 
.0940 


279 


759 
L395 


2,309 
3,099 


325 


743 
1,"394" 


2,355 
3,115 


325 


743 
1,441 


2,371 

3,'iei 


310 


310 


74S  748 

i'iioT'Mio 


2,  345       2,  345 
3,125       3,"  125 


SLAB  NO.  12,  GRAVEL,  HAND-PLACED;  SLAB  THICKNESS=8  INCHES 


5  000 

0. 0030 
.0068 
.0114 
.0172 
.  0269 
.0415 
.0545 
.0701 
.0868 
.1038 

55,  040 

0.  0030 
.0070 
.0125 
.  0214 
.0343 
.  0506 
.0674 
.0844 
.  1030 
.1225 

55,  000 

0.0030   0.0030 
. 0069      . 0069 
.0120     .0120 
.  0193      .  0193 
.  0306     .  0306 
.  0460     . 0460 
.0610     .0610 
.  0772     .  0772 
.  0949      . 0949 
.1132  '  .1132 

55,020   55,020 

10,000 

458 

458 

397 

438 

438 

15  000 

20,000 .- 

1,038 

1,038 

901 

992 

992 

25  000 

30,000 

1,832 

1,816 

1,705 

1,784 

1,784 

35,000 

40,000 

2,626 

2,564 

2,583 

2,  591 

2,  591 

45,000 

50,000 

3,389 

3,205 

3,285 

3,  293 

3,  293 

Load    at   beam 
drop,  pounds.. 

SLAB    NO.    13,    LIMESTONE,    HAND-PLACED;    SLAB    THICKNESSES 

INCHES 


5,000 

0.  0031 
.0067 
.0105 
.0169 
.0283 
.0427 
.0581 
.0731 
.0873 

53,  990 

0.  0028 
.  0060 
.0097 
.  0151 
.0238 
.0418 
.0612 
.0827 
.1061 

47,  320 

0.  0030 
.  0064 
.0101 
.0160 
.  0260 
.0422 
.0596 
.0779 
.0967 

50,  655 

0.  0030 
.0064 
.0101 
.0160 
.  0260 
.0422 
.0596 
.0779 
.0967 

50,  665 

10,000 

295 

372 

308 

325 

325 

15,000 

20,000 

796 

898 

886 

860 

860 

25,000 

30,000 

1,579 

1,694 

1,554 

1,609 

1,609 

35,000 

40,000 

2,208 

2,375 

2,260 

2,281 

_',  281 

45,000 

Load    at   beam 
drop,  pounds.. 

Strain  measurements  were  made  in  one  of  the  two 
reinforced  sections  from  each  of  the  1  ]  large  slabs  of  the 
first  series  and  (he  observations  were  made  after  cadi 
10,000-pound  increment  of  load  had  been  applied. 
Strains  in  the  concrete  were  measured  al  live  points  in 
the  upper  surface  of  the  slab,  the  location  of  which  is 
shown  in  Figure  19.  These  measurements  were  made 
with  a  hand  strain  gage  between  brass  points  sel  8 
inches  apart.  Corrections  were  made  for  temperature 
changes  in  the  gage.  The  data,  obtained  are  given  in 
detail  in  Table  12  and  shown  graphically  in  Figure  '_'() 
where  the  average  stress  across  the  transverse  axis  of 
the  slab  is  plotted  as  a  function  of  the  total  load.  The 
observed  strains  at  the  other  two  gage  lengths  along 
the  longitudinal  axis  of  the  slab  were  used  as  a  cheek  on 
the  distribution  of  stress  in  the  middle  third  of  the  slab. 
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Figure  19. — Gage  Layout  ox  Reinforced  Slab  Sections 

In  converting  the  observed  strains  into  the  stress  values 
given  in  Table  12,  each  value  was  multiplied  by  the 
modulus  of  elasticity  of  the  concrete  for  that  particular 
slab,  as  shown  by  the  tests  made  at  the  90-day  age. 
These  values  of  modulus  of  elasticity  are  very  probably 
a  few  per  cent  lower  at  90  days  than  they  were  at  the 
time  the  reinforced  sections  were  tested.  Inspection  of 
the  data  on  the  effect  of  age  on  the  modulus  of  elasticity 
indicates  that  this  difference  would  be  small.  (See 
Table  7.) 

In  Table  13  certain  load  and  strength  data  for  the 
reinforced  slab  sections  have  been  assembled  for  pur- 
poses of  comparison.  The  first  two  columns  give  the 
load  on  the  slab  at  the  time  when  the  load-stress  and 
and  load-deflection  curves  respectively  change  in  slope. 
It  is  realized  that  there  are  not  a  sufficient  number  of 
observations  to  fix  this  value  very  accurately,  and  the 
values  given  in  the  table  were  determined  by  projecting 
the  initial  and  final  slopes  to  their  point  of  intersection. 
It  is  quite  possible  that  the  change  in  slope  was  gradual 
and  that  this  change  began  at  a  lower  load  than  is 
tabulated. 

Column  3  contains  the  modulus  of  rupture  of  the  con- 
crete as  determined  by  the  tests  of  the  sawed  beams  at  the 
age  of  G  months  (the  same  age  at  test  as  the  reinforced 
slabs).  Columns  4,  5,  and  6  contain  stress  values  (in  the 
concrete)  arrived  at  in  various  ways.  These  values  were 
computed  in  each  case  for  the  load  A  (Table  13)  which  is 
the  load  corresponding  to  the  change  in  slope  of  the  load- 
stress  curve.  Columns  4  and  5  contain  stress  values  com- 
puted for  the  lower  and  upper  surfaces  of  the  concrete 
in  the  middle   third  of   the  slab.     These   values  were 
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Table  13. — Comparative  load  and  stress  data  for  reinforced  section* 
HAYDITE  CONCRETE 


Load  in  pounds 

Modu- 

Computed     stress      in 

a(  change  of 

lus  of 

pounds     per 

square 

slope 

rupture 

inch  for  load 

V 

of 
fawed 

Method  of  placing 

Slab 
No. 

beams, 
in 

Strain  ' 

Load- 

Load- 

pounds 

X  mod- 

stress 

deflec- 

per 

Bottom 

'Pop  of 

ulus 

curve 

tion 

square 

of  slab 

slab 

of  elas- 

(load \ 

curve 

inch, 

age  6 
months 

ticity  ! 
s=5E 

(1) 

(2) 

(3) 

(4) 

(5) 

<M 

Hand  placed- 

3 

17,500 

18,000 

496 

480 

485 

MO 

Vibrolithic  process 

6 

19,  500 

22.00(1 

476 

518 

515 

J  50 

Electric  tamper. 

9 

16,  250 

Hi,  500 

433 

458 

162 

450 

LIMESTONE  CONCRETE 


Hand  placed 

Vibrolithic  process 
Electric  tamper... 
Air  hammer. 


13 

13,750 

10,500 

-123 

461 

135 

5 

28,  250 

27,5011 

710 

817 

803 

8 

22.  250 

20.11011 

647 

711 

693 

11 

21,500 

22,  500 

680 

714 

690 

140 
660 

Too 
750 


GRAVEL  CONCRETE 


Hand  placed 

Vibrolithic  process. 

Electric  tamper 

Air  hammer 


12 

16,  250 

17,  000 

610 

54S 

521 

4 

22,  000 

22.  500 

036 

662 

643 

7 

111,000 

17,  J 

546 

554 

510 

to 

18,  000 

18, 500 

545 

574 

552 

700 
660 
440 
490 


1  Strain  is  the  average  of  3  gages  on  transverse  axis  of  slab. 

2  Average  modulus  of  elasticity  from  90-day  tests  of  cores  from  this  same  slab. 

computed  by  the  usual  flexure  formula,  taking  into 
account  the  actual  dimensions  of  the  slab  and  the 
amount  and  position  of  the  longitudinal  steel  present 
in  it.  The  ratio  between  the  moduli  of  elasticity  of 
the  steel  and  of  the  concrete  was  computed  on  the  basis 
of  a  value  of  30,000,000  pounds  per  square  inch  for  the 
steel  and  the  value  shown  by  the  90-day  core  tests  for 
the  concrete.  Column  6  was  computed  from  the  meas- 
ured strains  in  the  concrete  in  the  upper  surface  of  the 
slab  and  the  modulus  of  elasticity  determined  for  the 
particular  slab  in  question  from  the  90-day  cores. 

In  Figure  21  a  comparison  is  made  of  the  relation 
between  the  various  slabs  as  to — 

(a)  Load  at  which  a  change  of  slope  occurs  in  the  load- 
stress  curve,  and 

(b)  Modulus  of  rupture  of  the  concrete  at  the  same 
age. 

A  study  of  the  data  in  Table  13  and  Figure  21  clearly 
indicates  that  the  change  in  slope  of  the  load-stress 
curve  is  caused  by  the  failure  of  the  concrete  in  flexure. 
Considering  the  small  number  of  tests  which  are  repre- 
sented by  these  data,  it  is  believed  that  they  are  remark- 
ably concordant  on  this  point. 

Since  it  is  indicated  that  the  first  change  in  the 
structural  behavior  of  the  reinforced  slabs  occurred 
when  the  concrete  failed  in  tension  on  the  lower  side 
of  the  slab,  it  will  be  of  interest  to  examine  the  data 
to  see  what  took  place  after  the  concrete  ceased  to  bear 
its  proportionate  share  of  the  tensile  stress.  The  data 
show  that  after  the  first  change  in  slope  of  the  load- 
stress  curve  the  structure  continued  to  act  elastically 
up  to  a  certain  point,  which  was  indicated  by  the 
dropping  of  the  weighing  beam  of  the  testing  machine. 
In  Table  14  the  load  on  the  various  slabs  at  the  time 
this  elastic  failure  occurred  are  noted,  together  with  the 
computed  tensile  stresses  in  the  steel  at  these  loads. 
In  computing  these  values  the  dimensions  of  both  the 
steel  and  concrete  for  the  particular  slab  under  consider- 
ation were  used. 


240O0 

<0 

a 

z 

3  20000 

O 

0. 

1 
t- 

z 
o 

O.    16000 

Q 

UJ 

-J     12000 
< 

z 
< 

8000 
Q 
< 

o 

_l 

4000 

0 

MODULUS    OF   RUPTURE  -  POUNDS    PER    SQUARE    INCH 

O                              O                               O                              o                              °                              O                              C 
o                            o                            o                            O                           O                           O-O                           c 

GRAVEL       sjonE    HAYDITE  GRAVEL       s^-QNE  H AYD'TE 

Figure  21. — Comparison  of  Values  op  Modulus  of  Rupture 
of  Plain  Concrete  Beams  and  Values  of  Load  on  Rein- 
forced Concrete  Slabs  at  Initial  Yield  Point.  In  Left- 
hand  Panel  are  Given  Values  of  Load  on  Reinforced 
Slabs  at  Change  in  Slope  of  Load-Stress  Curves,  Cor- 
rected to  8-Inch  Thickness.  Values  of  Modulus  or 
Rupture  of  Sawed  Beams  at  180  Days,  Given  in  Right- 
hand  Panel,  are  Means  of  4  Tests  on  Gravel  Concrete, 
and  8  Tests  on  Limestone  and  Haydite  Concrete 

Table   14. — Loads  on  reinforced  slabs  at  failure  and  corresponding 
stresses  in  steel 


Slab 
No. 

Sec- 
tion , 

No. 

3 

3 

3 

0 

ii 

3 

i'i 

6 

SI 

3 

9 

6 

13 

3 

13 

6 

5 

3 

5 

6 

8 

3 

8 

6 

11 

3 

11 

6 

12 

3 

12 

0 

4 

3 

4 

6 

7 

3 

10 

3 

10 

6 

Aggregate 


Method  of  placing 


Haydite ;  Hand  placed 

do do. 


.do   .    Vibrolithic  proces 

do ..   do 

ilo Elect  i  ic  tampei 

do do ... 

Limestone Hand  placed 

do do 

do Vibrolithic  process 

do ' do.. 

do Electric  tampei 

do ' do_ . . 

do Air  hammer 

do do 

Gravel Hand  placed.. 

do.. do 

do Vibrolithic  process. 

do.. do 

do Electric  tamper   .. 

do do 

do -J  Air  hammer 

do... do .. 


Total 
loa.l 


I 'in i  mis 
54,895 

II.  Ill  10 

54,385 

53,  075 
JO. 410 
18,730 

53,  ooo 
47,320 
03.  125 
03.  520 
60,015 
58,  730 
00.  500 

18,  120 
.urn 

59,875 
14,390 
18,260 

54.  535 
50.  075 
57,085 


Tensile 

stress  in 
steel 


Pounds 
per  si/mirr 
inch 
48,  too 
44,  200 

0.. i 

45,600 
46,000 
45,300 
48,200 
44,000 
49,000 
49,800 
50.  000 
5II.IIOO 
52,200 
50. : 

47.  600 
17.  000 
18,500 

44,  100 

50, 1 

Ii,,  .jii. 
10.  100 

50,600 


It  is  evident  from  this  tabulation  that  the  second 
change  in  structural  behavior  occurred  as  a  result,  of 
the  steel  being  stressed  to  the  yield  point.  It  is  recalled 
that  the  yield  point  of  the  reinforcement  was  found  to 
range  from  44,240  to  51,990  pounds  per  square  inch. 
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Figure  22. — Failure  of  a  Reinforced  Slab.  Note  Wide 
Cracks  Remaining  After  Removal  of  Load  and  Spalling 
of  Concrete  on  Compression  Surface  of  Slab 

Thus  it  may  be  concluded  that  the  ultimate  failure  of 
the  reinforced  slabs  was  due  to  the  failure  of  the  steel 
in  tension.  The  appearance  of  the  slab  specimens  also 
indicated  this  to  be  true.  Figure  22  shows  the  appear- 
ance of  the  side  of  one  of  these  slabs  after  failure.  This 
particular  slab  spalled  at  the  upper  surface,  as  shown  in 
the  photograph.  This  spalling  occurred  just  before 
final  failure. 

ABSORPTION  TESTS 

An  effort  was  made  to  determine  the  relative  abilit.y 
of  the  concrete  from  the  various  slabs  to  absorb  water. 
For  this  purpose  two  specimens  8  inches  square  and 
approximately  IS  inches  in  length  were  selected  from 


the  broken  sawed-beam  specimens  from  each  of  the  large 
slabs.  These  specimens  were  air-dried  in  a  sheet-iron 
building  for  several  weeks,  until  all  of  them  had  ceased 
to  change  in  weight.  The  concrete  was  from  10  to  12 
months  old  at  the  time  that  this  drying-out  period  was 
completed.  When  all  of  the  specimens  had  reached  a 
condition  of  constant  weight  in  the  dry  air  of  the  build- 
ing, they  were  immersed  in  a  tank  of  water  (at  air 
temperature).  After  periods  of  immersion  of  1,  2,  8, 
28,  56,  and  140  days  they  were  removed  from  the  water; 
the  surface  moisture  was  blotted  off  with  a  damp  cloth; 
and  the  specimens  were  weighed. 

The  progressive  absorption  of  the  various  concretes 
is  given  in  Table  15.  Average  values  for  four  specimens 
are  tabulated,  and  these  data  are  also  shown  graphically 
in  Figure  23.  In  this  figure  it  will  be  noted  that  for 
each  aggregate  the  methods  of  placing  have  been  ar- 
ranged from  left  to  right  in  the  order  of  ascending  values. 

From  these  data  it  would  appear  that  the  vibratory 
methods  of  placing  produced  a  perceptibly  less  ab- 
sorptive concrete  than  was  obtained  by  hand  placing. 
This  difference  was  most  marked  with  the  concrete 
containing  the  Haydite  aggregate  and  least  with  the 
concrete  containing  the  gravel  aggregate.  Of  the  three 
vibratory  methods,  the  Vibrolithic  method  of  placing 
appears  to  be  the  most  effective  from  the  standpoint  of 
reducing  absorption.  These  absorption  values  appear 
to  be,  in  a  general  way,  a  measure  of  the  density  of  the 
concrete  as  indicated  by  the  unit  weight  values  given 
in  Table  3.  For  each  aggregate  the  highest  absorption 
and  lowest  weight  per  cubic  foot  are  found  to  relate 
to  hand-placed  concrete,  while  the  lowest  absorption 
and  highest  unit  weight  are  found  to  be  for  concrete 
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Figure  23. — Effects  of  Method  of  Placing  and  Type  of  Aggregate  on  Progressive  Absorption  of  Concrete  Specimens 
at  1,  2,  8,  28,  56,  and  140  Days'  Immersion.     Each  Value  Given  Is  the  Mean  of  Four  Tests 
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Table  15. — Percentage  of  absorption  (based  on  dry  weight)  of  8  by  8 
by  18  inch  concrete  specimens — Values  given  are  averages  of  deter- 
minations on  four  specimens 

LIMESTONE  AGGREGATE 


Method  of  placing 


Vibrolithic  process. 

Electric  tamper 

Wr  hammer 

Hand  placed 


Period  of  immersion  (in 

lays) 

1 

2 

8 

28 

56 

0.53 

n  64 

0.72 

0.80 

0.  84 

.58 

.65 

.  89 

1.00 

1.  05 

.78 

.83 

1.00 

1.08 

1.13 

.76 

" 

1.07 

1.23 

,27 

140 


0.84 
1.05 
1.13 
1.43 


(JK.W  EL  AGGREGATE 


Vibrolithic  process. 

Electric  tamper 

Air  hammer 

Hand  placed. 


0.53 
.74 

.81 
.78 


0.  59 

0.76 

0.94 

0.98 

.82 

.97 

1.14 

1.20 

.  90 

1.08 

1.20 

1.24 

.96 

1.12 

1.27 

1.29 

0.  us 
1.20 

1 .  24 
1.29 


HAYDITE  AGGREGATE 


Vibrolithic  process. 

Electric  tamper 

Hand  placed 


1.53 

1.71 

1.94 

2.30 

2.51 

1.62 

1.97 

2.24 

2.69 

2.88 

1.77 

2.08 

2.41 

2.  84 

3.02 

2.51 
2  88 

3.40 


placed  by  the  Vibrolithic  method.  The  unit  weight 
of  the  concrete  containing  gravel  aggregate  is  about 
the  same  as  that  of  the  concrete  containing  the  lime- 
stone and  much  higher  than  that  containing  Haydite, 
while  from  the  standpoint  of  absorption  the  inverse 
relation  is  again  found  to  be  generally  true. 

RESISTANCE  TO  WEAR 

The  purpose  for  which  these  concrete  slabs  were  to  be 
used  made  the  matter  of  resistance  to  surface  wear  of 
considerable  interest.  Tests  were  made  on  the  11 
large  slabs  of  the  second  series  to  determine  the  rela- 
tive surface  hardness  or  resistance  to  wear,  using  a 
special  testing  device  developed  by  the  bureau  for 
this  purpose.  This  apparatus  is  described  in  detail 
in  a  former  issue  of  Public  Roads2  and  consists  of  three 
narrow  wheels  of  hardened  steel  set  tangentially  on  a 
circular  plate  which  is  rotated  about  its  center  under  a 
constant  load  at  a  constant  speed  of  35  revolutions  per 
minute.  The  path  followed  by  the  wheels  is  a  circle 
21  inches  in  diameter. 

These  wheels  follow  each  other  around  this  path 
and  soon  begin  to  wear  a  groove.  The  rate  at  which 
the  depth  of  this  groove  develops  is  determined  by 
measurements  with  a  micrometer  dial  after  some 
definite  number  of  revolutions  of  the  plate  and  is  taken 
as  an  indication  of  the  relative  surface  hardness  of  the 
concrete. 

As  said  before,  this  test  was  made  on  each  of  the  11 
slabs  of  the  second  series.  Two  tests  were  made  on 
each  slab,  and  the  age  of  the  concrete  at  the  time  of 
test  was  10  months. 

The  data  obtained  are  shown  graphically  in  Figure  24. 

From  these  data  it  is  evident  that  for  all  three  aggre- 
gates the  use  of  vibratory  methods  of  placing  tended 
to  decrease  the  surface  hardness  of  the  concrete  and 
that  this  effect  was  particularly  pronounced  in  the  case 
of  the  concrete  containing  the  Haydite  aggregate.  The 
only  exception  is  in  the  case  of  the  concrete  containing 
the  gravel  aggregate  and  placed  by  the  Vibrolithic 
method.  The  concrete  containing  gravel  aggregate 
which  was  placed  by  the  two  other  vibrating  methods 
consistently  showed  a  softer  surface  than  that  which  was 
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Figure  24. — Results  of  Wear  Tests;   Average  Curves 
Determined  by  Two  Tests  on  Each  Slab 

placed  by  the  hand  method.  It  is  believed  that  this  is 
due  to  the  fact  that  the  vibration  tends  to  bring  the 
water  to  the  surface  and  this  water  carries  with  it  the 
finer,  less  resistant  particles.  The  result  is  that  there 
is  an  excess  of  this  material  on  or  near  the  surface  of 
the  slab  as  the  water  evaporates. 

Comparison  may  also  he  made  between  the  different 
aggregates,  and  it  will  he  noted  that  the  depth  of  wear 
was  approximately  twice  as  great  on  the  concrete  con- 
taining Haydite  as  on  the  other  aggregates. 

The  addition  of  the  trap  rock  to  the  surface  of  the 
slabs  placed   by  the  Vibrolithic   process    had    for    its 
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purpose  the  protection  of  the  surface  from  wear  through 
the  wear  resistance  of  the  stone.  Presumably,  when 
the  mortar  skin  of  the  concrete  becomes  worn  the  layer 
of  trap  rock  is  exposed  and  assumes  the  burden  of 
wear  resistance. 
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Figurk  Jo. — Sawed  Section's  of  Concrete  Placed  by 
Vibrolithic  Process,  Showing  Final  Position  of 
Trap  Rock  Added  During  Finishing 


The  sawed  beams  furnished  an  unusual  opportunity 
to  study  the  position  of  these  fragments  of  trap  rock 
in  the  hardened  concrete  and  to  judge  to  what  degree 
protection  to  the  surface  is  afforded  by  them.  Figure 
25  shows  typical  faces  of  the  sawed  sections  for  all 
three  types  of  aggregate.  The  pieces  of  stone  in  ques- 
tion can  be  identified  without  difficulty  near  the  upper 
surface  of  all  of  the  specimens.  It  is  quite  apparent 
that,  so  far  as  these  slabs  are  concerned,  the  trap  rock 
would  be  of  little  or  no  value  as  a  surface  wearing  course. 

RESISTANCE  TO   REPEATED  FREEZING 

Since  durability  is  one  of  the  most  important  qualities 
to  be  sought,  in  exposed  concrete  work,  an  effort  was 
made  to  obtain  information  regarding  the  relative  re- 
sistance to  weathering  of  the  various  concretes  under 
test  by  subjecting  specimens  from  each  of  the  large 
slabs  to  alternate  freezing  and  thawing. 

Specimens  8  by  S  by  4  inches  in  size  were  sawed 
from  portions  of  the  sawed  beams  used  in  the  flexure 
tests,  one  from  section  2  and  one  from  section  7  of  each 
large  slab,  a  total  of  44  specimens.  Four  of  the  six 
faces  of  each  specimen  were  sawed  surfaces,  one  was 
the  finished  (or  upper)  slab  surface,  and  the  other  was 
the  surface  left  by  the  wood  form  on  which  the  slab 
was  cast.  The  specimens  were  separated  into  two 
groups  of  22  each,  one  comprising  the  blocks  cut  from 
section  2  of  each  large  slab,  the  other  those  from  section 
7.  These  two  groups  were  alternated  in  the  freezing 
cycle,  one  being  frozen  while  the  other  was  being  thawed. 

All  of  the  specimens  were  subjected  to  100  cycles  of 
alternate  freezing  and  thawing.  Freezing  was  accom- 
plished in  a  small  compression  refrigerator  built 
especially  for  this  work.  The  specimens  were  placed 
in  the  freezing  chamber  in  a  saturated  condition  and 
allowed  to  remain  for  24  hours.  Periodically  thermo- 
graph records  were  made  of  the  air  temperature  in  the 
chamber  and  of  the  concrete  temperature  at  the  center 
of  one  of  the  specimens. 

These  charts  showed  that  the  minimum  temperature 
of  the  concrete  ranged  from  —  10°  to  —  15°  C.  over  the 
8-month  period  of  the  tests  and  that  this  minimum 
temperature'  was  maintained  for  from  14  to  17  hours 
of  cadi  24-hour  cycle  of  freezing.  These  variations 
were  caused  by  the  variation  in  the  temperature  of  the 
specimens  when  placed  in  the  freezing  chamber. 

At  the  end  of  the  24-hour  freezing  period  the  speci- 
mens were  removed  from  the  refrigerator  and  immersed 
in  a  tank  of  water  at  room  temperature,  where  they 
were  allowed  to  remain  for  24  hours. 

All  specimens  were  examined  carefully  at  frequent 
intervals  and  any  changes  in  appearance  noted.  The 
detailed  observations  for  each  specimen  are  given  in 
Table  16,  and  photographs  of  all  specimens  are  grouped 
in  Figures  26,  27,  and  28. 

An  examination  of  the  specimens  after  the  comple- 
tion of  100  alternations  of  freezing  and  thawing  leads 
to  the  conclusion  that  all  of  the  specimens  are  in  very 
good  condition  after  a  rather  severe  test.  In  general, 
the  concrete  is  all  sound  and  the  sawed  surfaces  are 
practically  intact.  Differences  in  the  resistance  of  the 
various  groups  of  specimens  can  be  detected,  however, 
and  these  permit  some  comparison  to  be  made  of  the 
effect  on  resistance  of  the  aggregates  and  of  the  methods 
of  placing.  It  will  be  noted  that  many  of  the  observed 
effects  of  freezing  listed  in  Table  16  are  not  of  a  serious 
nature  so  far  as  the  mass  of  the  concrete  in  the  specimen 
is  concerned. 
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Studying  the  data  from  the  standpoint  of  the  aggre- 
gates used,  it  is  apparent  that  the  concrete  containing 
the  siliceous  gravel  was  affected  least  by  the  repealed 
Ireezings.  This  concrete  was  practically  unchanged 
by  the  test  in  so  far  as  could  be  determined  by  a  care- 
ful examination  of  its  physical  appearance.  The 
concrete  containing  the  limestone  coarse  aggregate 
was  more  difficult  to  consolidate  because  of  the  angu- 
larity of  the  stone  fragments.  The  water-cement  ratio 
was  higher  than  that  of  the  concrete  in  which  gravel 
was  used  and  more  void  spaces  are  to  be  found  around 
the  coarse  aggregate  particles.  The  result  was  that 
freezing  did  considerably  more  damage   to   the  speci- 


Table  16. — Detailed  observations  of  the  effect  of  repeated  free 
GRAVEL AGGREGATE 


Type 


Hand  placed 

Do.... 

\  ibrolithic  process. 
Do 

Electric  \  ibrator   . 


Slab 
No. 


Sec 
No. 


Do 

Air  Hammei 

Do 


is    ' 
18    l 


Effect    observed 


►All  specimens  unchanged  aftei  100  alternations. 


None. 

Slight  scaling  on  finished  face  (toward  the  front 

of  the  photograph)  noted  after  80  alternation 
None 
Do 
Do 
3  small  pieces  of  coarse  aggregate  out  of  sawed 
surface  after  80  alternations 

None. 
Do. 


(land  placed 


Do. 


\  ibrolithic  process 


Do. 


i  lecti  ic  vibrato]    . 


Do. 


A  ir  hammer- 


Do. 


LIMESTONE   AGGREGATE 


Some   crumbling   of   mortar    toward   a   honej 

combed  area  after  PI  alternations. 
Some   crumbling   of   mortar   around   a   honey- 

combe. I  area  after  80  a  Her  Mat  ions. 
The   lower   third   of  tins  specimen   was  badl> 

honeycombed,    and   aftei    59  alternations  the 

mortal  began  to  crumble      <  'on  iiderable  di  in 

tegi  ition  noted  after  72  alternation 
Some  crumbling  Of  mortar  at.  1  small  spot  on  h 

sawed  lace   ooted  after  so  alternations      No 

change  after  100  alternations. 
Slight  softening  of  the  mortar  above   the   trap 

rock  on  the  finished  surface  apparent  after  so 

alternations, 
i  piece  of  limestone  l.»2  inches  in  diameter  disin- 
tegrated after  "2  alternations, 
Slight    softening   of   finished   surface   noticeable 

after  80  alternations 
Section  of  mortar  on  finished  face,  above  the  trap 

rock,  loosened  after  80 alternate 
Finished  surface  softened  to  a  depth  of  ',,,  inch 

aftei  so  alternations. 

None 

Finished  surface  softened  to  a  depth  of  'ir,  inch. 

First  noted  after  80 alternations  (to  the  front  ol 

photograph). 
Finished  surface  softened  to  a  depth  of  Wo  inch. 

First  noted  after  so  alternations 
Finished  surface  showed  scale  aftei  6)  alternations. 

and  l   corner,  where  honeycombed,  crumbled 

aftei  80  alternations, 
iviortar  on  finished  surface  softened       Apparent 

after  72  alternations. 
Do. 
Mortar  on  1  sawed  face  noticeably  softened  after 

so  alternations.   The  same  effect  noted  on  I  part 

of  the  finished  surface. 


I      ? 


EIAYDITE  AGGREGATE 


Hand  placed. 


Figure  26. — Resistance  of  Gravel  Concrete  Speci- 
mens to  Repeated  Freezing.  Si.au  and  Section 
Numbers  are  Given  on  the  Photographs.  Slaps 
12  and  23,  Hand  Placed;  4  and  15,  Yirrolithic;  7 
and   18,  Electric  Tamper;   10  and  21,  Air  Hammer 

mens  containing  the  limestone  than  to  those  containing    vibroiithic process 
the  siliceous  gravel.     The  void  spaces   proved   to  be 
particularly  vulnerable  to  freezing  attack. 

In  only  one  instance  was  any  disintegration  of  the 
limestone  aggregate  noted,  the  weakness  apparently 
being  in  the  mortar  around  the  void  spaces  and  on  the 
finished  surface  which  was  originally  the  top  of  the  slab. 
This  indicates  that  the  greater  damage  noted  in  the 
specimens  containing  the  crushed-stone  aggregate  was 
possibly  due  to  the  fact  that  a  higher  water-cement 
ratio  was  required  for  workability  rather  than  to  the 
fact  that  limestone  was  used.  All  of  the  specimens 
containing    the    Haydite    aggregate    showed    isolated 
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Do. 


Electric  vibrator. 


Do. 


25 


Slight  scale  on  finished  surface.  First  apparent 
after  80  alternations.  Also  certain  particles  ol 
the  coarse  aggregate  appeared  to  soften  undei 
repeated  freezing.  After  ;i0  alternations  it  was 
noted  that  the  nonporous  particles,  which  ap- 
parently were  not  completely  fused  in  manu- 
facture, began  to  soften. 

( 'ondition  t  he  same  as  section  2. 

Some  crumbling  of  the  mortar  around  a  honey- 
combed area  m  the  bottom.  Slight  scale 
appeared  ,,n  the  finished  surface  after  59  alter- 
nations 

Pronounced  scale  on  finished  surface  noticed 
after  30  alternations. 

The  finished  surface  disintegrated  to  a  depth  of 
1  i  to  '4  inch,     i  Ine  corner  disintegrated  w  here 
it    was   honeycombed.     First    noted   afti 
alternations 

The  finished  surface  disintegrated  to  a  depth  of 
'.,  inch  after  30  alternations.  Some  crumbling 
of  the  mortar  noted  after  so  alternations. 

Slight  scale  apparent  on  t lie  finished  surface  after 
so  alternations. 

Softening  of  the  mortar  noted  at  2  small  spots  on 
the  sawed  surfaces  after  :i()  alternations,  'I  he 
finished  surface  above  the  trap  lock  disinteg- 
rated to  a  depth  of  Js  to  )4  inch  after  SO  alter- 
nations. 

The  finished  surface  scaled  to  a  depth  of  >4'  inch 
after  '.u  alternations 

Slighl  scale  noted  on  1  sawed  face  after  30  alter- 
nation -.. 

No  apparent  effect.  (One  corner  broken  in 
handling.) 

Slight  softening  of  1  sawed  face  noticeable  after 
so  alternations. 
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Figure  27. — Resistance  of  Stone  Concrete  Speci- 
mens to  Repeated  Freezing.  Slab  and  Section 
Numbers  are  Given  on  the  Photographs.  Slabs 
13  and  24,  Hand  Placed;  5  and  16,  Vibrolithic; 
8  and  19,  Electric  Tamper;  11  and  22,  Air  Ham- 
mer 

particles  of  coarse  aggregate  which  appeared  to  soften 
after  repeated  freezing.  These  particles  were  smooth, 
dark-colored,  and  noncellular  in  structure  and  had  the 
appearance  of  having  been  incompletely  fused  during 
manufacture.  The  cellular  particles  were  not  affected 
by  the  repeated  freezings.  The  mortar  in  the  speci- 
mens containing  the  Haydite  aggregates  showed  the 
effects  of  the  test  in  practically  all  of  the  specimens. 
It  is  worthy  of  note,  however,  that  the  sawed  surfaces 
which  exposed  the  interior  of  the  mass  to  the  freezing 
action  showed  much  less  effect  than  did  the  finished 
surfaces. 

It  appears  to  be  true  of  all  of  the  specimens  that  the 
least  resistant  surface  is  that  which  was  left  by  the 
finishing  process  on  the  upper  surface  of  the  slab. 

The  effect  of  the  various  methods  of  placing  on  the 
resistance  to  repeated  freezing  is  limited,  so  far  as  these 
data  indicate,  to  the  effect  that  the  respective  methods 
have  on  the  amount  and  condition  of  the  mortar 
surface  on  the  finished  slab.  The  methods  of  placing 
which  make  use  of  vibration  tend  to  bring  fine  material 
and  water  to  the  surface  of  the  concrete.  This  was 
mentioned   in    the    discussion    of    wear    resistance   as 


Figure  28. — Resistance  of  Haydite  Concrete  to 
Repeated  Freezing.  Slab  and  Section  Numbers  are 
Given  on  the  Photographs.  Slabs  3  and  14,  Hand 
Placed;  6  and  17,  Vibrolithic;  9  and  25,  Electric 
Tamper 

affecting  the  surface  hardness  of  the  concrete,  and  it 
is  interesting  to  note  that  the  surfaces  left  by  the 
vibratory  methods  of  placing  were  apparently  less 
resistant  to  freezing  than  those  obtained  by  the  hand- 
placing  method. 

BULLETIN  ISSUED  ON  ELECTRICAL  EQUIP- 
MENT FOR  MOVABLE  BRIDGES 

A  bulletin  intended  to  assist  bridge  engineers  in 
designing  electrical  equipment  on  movable  bridges  has 
recently  been  issued  by  the  Bureau  of  Public  Roads. 
The  bulletin  is  designated  as  Technical  Bulletin  No. 
265,  Electrical  Equipment  on  Movable  Bridges,  by 
Conde  B.  McCullough,  Albin  L.  Gemeny,  and  W.  R. 
Wickerham. 

The  first  section  of  the  bulletin  deals  with  the  funda- 
mentals of  direct-current  and  alternating-current  motors 
and  discusses  the  selection  of  motors  for  different 
services.  The  second  section  discusses  the  control  and 
interlocking  of  operations,  describing  current  practice 
in  the  regulation  of  motors,  control  of  sequence  of 
operations,  and  the  use  of  various  protective  devices. 
This  discussion  is  followed  by  a  description  of  four 
different  installations  of  electrical  equipment,  accom- 
panied by  diagrams  showing  the  wiring  and  arrange- 
ment. The  last  portion  of  the  bulletin  deals  with  new 
developments  in  electrical  bridge  control,  including 
variable-voltage  control,  speed-matching  indicators  for 
vertical-lift  bridges,  and  light-sensitive  relays. 

Copies  of  this  publication  may  be  obtained  from  the 
Office  of  Information,  United  States  Department  of 
Agriculture,  Washington,  D.  C. 


HIGHWAY  RESEARCH  BOARD  HOLDS  ANNUAL 

MEETING 


THE  ELEVENTH  annual  meeting  of  the  Highway 
Research  Board  was  held  on  December  10  and  11 
at  the  building  of  the  National  Academy  of 
Sciences  and  the  National  Research  Council,  Washing- 
ton, D.  C.  The  session  was  opened  at  10  a.  m., 
Thursday,  December  10,  with  an  address  of  welcome 
by  Dr.  Albert  L.  Barrows,  assistant  secretary  of  the 
National  Research  Council,  followed  by  an  address  by 
the  chairman  of  the  Highway  Research  Board,  H.  S. 
Mattimore,  engineer  of  materials,  Pennsylvania  High- 
way Department.  Mr.  Mattimore  presided  at  the 
meeting. 

The  Thursday  morning  session  was  devoted  to  the 
report  of  the  committee  on  maintenance,  B.  C.  Tiney, 
maintenance  engineer,  Michigan  Highway  Department, 
chairman;  the  report  of  a  special  investigation  of  dust- 
laying  materials  and  methods,  by  Fred  Burggraf, 
research  engineer,  Highway  Research  Board;  and  the 
report  of  the  project  committee  on  correlation  of 
research  in  mineral  aggregates,  W.  J.  Emmons,  director, 
Michigan  State  Highway  Laboratory,  chairman. 

The  afternoon  meeting  (C.  M.  Upham,  of  the  Ameri- 
can Road  Builders'  Association,  presiding)  was  occupied 
with  the  following  subjects:  The  report  of  the  com- 
mittee on  materials  and  construction,  H.  S.  Mattimore, 
chairman;  the  report  of  the  project  committee  on 
curing  of  concrete  pavement  slabs,  F.  C.  Lang,  engineer 
of  tests  and  inspection,  Minnesota  Highway  Depart- 
ment, chairman;  Compaction  of  Fills  as  Affected  by 
Type  and  Size  of  Hauling  and  Other  Equipment,  by 
A.  K.  Haxtun,  assistant  engineer,  American  Road 
Builders'  Association;  Functions  of  Steel  Reinforce- 
ment in  Concrete  Pavements  and  Bases,  by  C.  A. 
Hogentogler,  F.  A.  Robeson,  and  E.  A.  Willis,  division 
of  tests,  United  States  Bureau  of  Public  Roads;  and 
the  report  of  the  special  investigation  of  methods  for 
evaluating  field  inspection  of  culverts,  by  R.  W. 
Crum,  director,  Highway  Research  Board. 

On  Friday  morning  a  short  general  session  was  held 
at  which  Mr.  Mattimore  presided.  At  this  meeting 
the  report  of  the  committee  on  highway  finance  was 
delivered  by  Thomas  H.  MacDonald,  chief,  United 
States  Bureau  of  Public  Roads,  chairman.  The  re- 
mainder of  the  day  was  occupied  with  two  simultaneous 
sessions. 

The  session  on  highway  design  and  allied  subjects 
was  held  in  the  lecture  room,  E.  F.  Kelley,  chief,  divi- 
sion of  tests,  United  States  Bureau  of  Public  Roads, 
presiding.  This  meeting  was  devoted  to  the  report  of 
the  committee  on  highway  design,  A.  T.  Goldbeck, 
director,  bureau  of  engineering,  National  Crushed  Stone 
Association,  chairman;  Some  Principles  of  Soil  Survey- 
ing and  Mapping,  by  D.  P.  Krynine,  research  associate 
in  soil  mechanics,  Yale  University;  and  the  report  of 
the  special  investigation  of  the  use  of  rail  steel  rein- 
forcement on  highway  construction,  R.  L.  Morrison, 
chairman. 

The  session  on  traffic  and  transportation  took  place 
in  the  auditorium,  with  E.  W.  James,  chief,  division  of 
highway  transport,  United  States  Bureau  of  Public 
Roads,  in  the  chair.  The  following  reports  were  con- 
sidered: The  report  of  the  committee  on  traffic,  G.  E. 
Hamlin,  superintendent  of  maintenance,  Connecticut 
Highway   Department,  chairman;  Field  Methods  for 


Measuring  Tire  Wear,  by  A.  A.  Anderson  and  II.  B. 
Wright,  Portland  Cement  Association;  and  the  report 
of  the  committee  on  transportation,  T.  R.  Agg,  assistant 
dean  of  engineering,  Iowa  State  College,  chairman. 

At  1  o'clock  on  Thursday,  December  10,  a  luncheon 
for  contact  men  was  held  in  the  library  of  the  National 
Academy  of  Sciences.  The  annual  highway  research 
dinner  was  held  at  7  in  the  evening  of  the  same  dav 
at  the  Willard  Hotel. 

Space  does  not  permit  an  adequate  account  of  the 
many  excellent  papers  submitted  to  the  Highway  Re- 
search Board  at  this  meeting.  The  following  para- 
graphs contain  brief  summaries  of  a  number  of  reports 
which  are  considered  of  particular  interest  to  highway 
engineers. 

MAINTENAN<  K 

Maintenance  Costs,  by  IT.  L.  Bishop,  chief,  division 
of  construction,  United  States  Bureau  of  Public  Roads, 
discussed  progress  on  a  study  of  maintenance  costs  on 
Federal-aid  projects  in  all  the  States.  Because  of  lack 
of  uniformity  in  accounting  methods,  the  Bureau  of 
Public  Roads  has  adopted  a  system  of  rating  the  main- 
tenance on  Federal-aid  projects  by  weighing  the  factors 
of  surface,  drainage,  shoulders,  structures,  roadside 
cleaning,  and  traffic  service  according  to  then  relative 
importance.  Other  articles  on  maintenance  included 
Maintenance  of  Expansion  Joints  and  Cracks  in  Con- 
crete Pavements,  by  W.  H.  Root,  maintenance  engineer. 
Iowa  Highway  Commission;  Fillers  and  Bedding 
Courses  for  Brick  Pavements,  by  J.  S.  Crandall,  pro- 
fessor of  highway  engineering,  University  of  Illinois; 
and  Ice  Removal  from  Pavements,  by  B.  C.  Tiney 
maintenance  engineer,  Michigan  Highway  Department' 

MATERIALS  AND  CONSTRUCTION 

H.  S.  Mattimore,  engineer  of  materials,  Pennsylvania 
Highway  Department,  reporting  for  the  committee  on 
materials  and  construction,  submitted  a  paper  on  The 
Effect  of  Hot  Cement  on  Time  of  Set  and  Concrete 
Quality,  in  which  he  discussed  the  effects  produced  by 
the  use  of  cement  which  when  received  on  the  work 
retains  a  considerable  part  of  the  heat  generated  during 
manufacture.  Occasional  temperatures  as  high  as 
150°  to  200°  F.  have  been  noted.  In  The  Durability 
of  Concrete  as  Affected  by  the  Water-Cement  Ratio. 
Mr.  F.  H.  Jackson  analyzed  the  evidence  concerning  the 
relation  between  resistance  to  frost  action  and  the 
water-cement  ratio,  the  maximum  water-cement  ratio 
allowable  for  concrete  exposed  to  the  weather,  and  the 
relation  between  strength  and  durability.  A  decided 
relation  was  found  to  exist  between  the  water-cement 
ratio  and  durability.  There  was  also  a  committee 
report  on  Volume  Charges  in  Concrete,  by  C.  H. 
Scholer,  professor  of  applied  mechanics,  Kansas  State 
College. 

The  paper  on  Functions  of  Steel  Reinforcement  in 
Concrete  Pavements,  by  Messrs.  Hogentogler,  Robeson, 
and  Willis  pointed  out  the  fact  that  investigations  of 
steel  reinforcement  carried  on  by  the  Highway  Research 
Board  in  1924  and  1925  disclosed  benefits  furnished  by 
reinforcement  on  concrete  pavements  not  readily 
explainable  by  the  conventional  theory  of  reinforced 
concrete  design.  Subsequent  study  indicates  that 
some  of  the  benefits  are  due  to  the  influence  the  rein- 
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forcemeat  exerts  upon  the  internal  stresses  and  other 
factors  which  affect  the  strength  and  durability  of 
concrete.  The  report  analyzed  the  phenomena  occur- 
ring during  and  subsequent  to  the  hardening  period  and 
discusses  the  successive  shrinkage,  expansion,  warping, 
and  other  distortions  which  may  occur  as  the  result 
of  natural  causes  as  well  as  traffic.  The  attempt  was 
made  to  explain  the  function  of  steel  reinforcement 
with  respect  to  the  stresses  caused  by  these  phenomena. 

FINANCE 

Mr.  Mac-Donald's  paper  on  highway  finance  dealt 
with  the  cooperative  project  being  conducted  by  the 
Bureau  of  Public  Roads  and  the  University  of  Wis- 
consin on  The  Relationship  Between  Road  and  General 
Taxes  in  the  Various  States.  The  first  work  of  the 
investigation  was  carried  on  in  Wisconsin  and  was 
summarized  in  the  report. 

HIGHWAY   DESIGN 

The  report  of  the  committee  on  highway  design  in- 
cluded a  symposium  on  The  Economics  of  Low  Cost 
Bridges:  Concrete,  by  E.  M.  Fleming,  Portland  Cement 
Association:  Timber,  by  .1.  F.  Seiler,  American  Wood 
Preservers'  Association;  and  Steel,  by  F.  H.  Frank- 
land,  American  Institute  of  Steel  Construction.  Mr. 
Fleming's  paper  analyzed  methods  of  reducing  first  cost 
by  the  use  of  simpler  types  of  concrete  structures, 
higher  strength  concrete,  rigid  frame  structures,  and 
continuous  slab  viaducts.  After  analyzing  methods 
of  calculating  the  total  carrying  cost  of  wooden  bridges, 
Mr.  Seiler  cited  experience  to  show  that  creosoted 
timber  will  last  from  35  to  40  years,  after  which  time  a 
bridge  would  probably  be  retired  from  obsolescence. 
Mr.  Frankland  gave  examples  of  recent  economical 
designs  of  steel  bridges  using  continuous  girders  and 
beams  and  steel-plate  floors,  as  well  as  the  use  of  steel 
piles  for  substructures.  The  life  of  steel  structures  was 
placed  at  not  less  than  100  years. 

Load  Limitations  on  Highways,  by  Albin  L. 
Gemeny,  senior  structural  engineer,  United  States 
Bureau  of  Public  Roads,  discussed  the  relation  between 
load  limitations  on  roads  and  those  on  bridges,  and 
presented  a  discussion  of  load  limitations  based  on  the 
design  loads  of  the  American  Association  of  State 
Highway  Officials. 

Field  Experiments  in  Subgrade  Drainage  and  Treat- 
ment, by  F.  H.  Eno,  research  professor  of  highway 
engineering,  Ohio  State  University,  discussed  an  in- 
vestigation of  42, .100  feet  of  porous  or  treated  subbases 
beneath  paved  roads  and  approximately  25, 700  feet  of 
untreated  paved  roads,  the  comparisons  being  made 
on  the  basis  of  crack  ratios.  Upon  pavements  with 
no  center  joint,  slag  subbases  yielded  no  longitudinal 
cracks;  sand  gave  a  longitudinal  crack  ratio  of  0.095; 
gravel,  0.2;  a  cement-clay  mixture,  0.29,  untreated 
sections,  0.6. 

In  A  New  Theory  of  Frost  Heaving,  A.  C.  Benkel- 
man,  research  engineer,  and  F.  R.  Olmstead,  research 
assistant,  Michigan  Highway  Department,  analyzed 
the  factors  which  cause  the  formation  of  ice  plates  in 
soil,  and  noted  the  elimination  of  frost  heaving  at  some 
200  locations  in  Michigan  last  winter  through  provision 
for  drainage. 

The  article  by  D.  P.  Krynine,  on  Principles  of  Soil 
Surveying  and  Mapping  for  Road  Purposes,  recom- 
mended that  in  addition  to  the  soil  grouping  defined 


by  the  Bureau  of  Public  Roads  the  soils  be  further 
characterized  with  respect  to  permeability  and  stabil- 
ity. For  the  former  the  author  suggested  a  method 
for  determining  the  moisture  equivalent  of  the  soil  by 
centrifuging,  and  for  the  latter  a  new  test  for  shearing 
resistance. 

TRAFFIC   AND  TRANSPORTATION 

Papers  on  the  general  subject  of  traffic  included 
Traffic  Capacity,  by  A.  N.  Johnson,  dean  of  engineer- 
ing, University  of  Maryland,  a  discussion  of  a  coopera- 
tive project  by  the  Bureau  of  Public  Roads  and  the 
University  of  Maryland  to  determine  the  capacity  of 
2,  3,  and  4  lane  roads;  Vehicle  and  Highway  Mechanics, 
by  Dr.  H.  C.  Dickinson,  chief,  heat  and  power  division, 
United  States  Bureau  of  Standards;  Traffic  Survey 
Procedure,  by  W.  Graham  Cole,  policyholders  service 
bureau,  Metropolitan  Life  Insurance  Co. ;  Law  Ob- 
servance and  Enforcement,  by  Burton  W.  Marsh, 
traffic  engineer,  Philadelphia;  Highway  Education,  by 
Stephen  James,  director  of  extension,  Highway  Educa- 
tion Board;  State  Control  of  Traffic,  by  W.  A.  Van 
Duzer,  director  of  traffic,  District  of  Columbia;  and 
The  Driver,  by  Sidney  J.  Williams,  director,  public 
safety  division,  National  Safety  Councd. 

The  committee  on  transportation  submitted  three 
papers :  Tractive  Resistance  Studies  with  a  Gas-Electric 
Automobile,  by  Ray  Paustian,  Iowa  State  College; 
Tractive  Resistance  and  Tractive  Effort  of  Motor 
Vehicles,  by  H.  B.  Shaw,  director,  engineering  experi- 
ment station,  North  Carolina  State  College;  and  Air 
Resistance  of  Motor  Vehicles,  by  W.  E.  Lay,  professor 
of  mechanical  engineering,  University  of  Michigan. 
Mr.  Paustian's  paper  discussed  the  equipment  and 
preliminary  results  obtained  in  measurements  of  trac- 
tive resistance,  wind  resistance,  and  power  consumption 
at  speeds  up  to  65  miles  per  hour.  Mr.  Shaw  gave 
methods  for  computing  tractive  resistance  and  tractive 
effort  at  different  speeds  and  grades.  Professor  Lay 
reported  on  wind-tunnel  experiments  with  simple  body 
forms,  using  different  methods  of  simulating  a  road 
surface.  The  data  showing  the  percentage  of  improve- 
ment due  to  stream-lining  proved  to  be  fairly  consistent 
for  all  methods  tried. 


SUBGRADE   REPORTS   REPRINTED  IN  BUL- 
LETIN FORM 

The  four  reports  on  the  subject  of  silbgrades  which 
were  published  in  the  June,  July,  September,  and 
October  issues  of  Public  Roads  have  been  reprinted 
under  the  title,  Reports  on  Suhgrade  Studies.  The 
following  articles  are  included:  Suhgrade  Soil  Con- 
stants, Then  Significance  and  Then  Application  in 
Practice  (Parts  I,  II,  and  III);  The  Soil  Profile  and  the 
Subgrade  Survey;  Procedures  for  Testing  Soils  for  the 
Determination  of  the  Subgrade  Soil  Constants;  Graph- 
ical Solution  of  the  Data  Furnished  by  the  Hydrometer 
Method  of  Analysis. 

Single  copies  of  this  publication  may  be  obtained 
from  the  United  States  Bureau  of  Public  Roads, 
Willard  Building,  Washington,  D.  C.  In  case  more 
than  one  copy  is  desired,  they  may  be  purchased  from 
the  Superintendent  of  Documents,  United  States 
Government  Printing  Office,  Washington,  D.  C,  at  40 
cents  each. 
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EFFECT  OF  SIZE  OF  BATCH  AND  LENGTH  OF  MIXING 
PERIOD  ON  RATE  OF  PRODUCTION  AND  QUALITY 
OF  CONCRETE  MIXED  IN  STANDARD  27E  PAVERS 

Reported  by  T.  C.  THEE,  Assistant  Highway  Engineer,  Division  of  Management,  U.  S.  Bureau  of  Public  Roads 

THE  rate  at  which  any  given  concrete  paver  can  8IZE  OF  BATCH  varied 

produce   concrete    depends   very   largely   on   the  On   the    Wisconsin   jobs   the   contractors    presented 

size  of  the  batch  and  the  length  of  time  which  it  alternate  bids  for  constructing  the  pavement  when  using 

must  be  mixed.     Definite  data  as  to  the  relation  which  27,  30,  33,  and  35  cubic-foot  batches  to  an  extent  suffi- 

the  size  of  batch,  number  of  sizes  of  coarse  aggregate,  and  cient  to  provide  for  the  construction  of  at  least  1  mile  of 

the  length  of  mixing  bears  to  the  rate  of  production  and  concrete  with  each  of  these  different  sized  batches  when 

to  the  quality  of  the  concrete  produced,  when  larger  using  a  mixing  time  of  00  seconds.     Although  no  pro- 

than  normal  batches  are  used,  have  been  lacking.     A  visions  had  been  made  in  the  bids  to  use  other  than  a 

rather   extensive   study   was   undertaken   in    1930    to  60-second  mixing  time,  near  the  close  of  the  jobs  the 

determine,  if  possible,  how  large  a  batch  can  safely  be  batchmeter  was^actually  set  at  50,  GO,  and  80  seconds 

handled  by  standard  27E  pavers,  under  present  operat-  for  both  30  and  33  cubic-foot  batches, 

ing  conditions  and  with  present  mixing  time  specifica-  On  State-aid  project  2926  the  successful  contractor 

tions,    without    any    detriment    to    the    strength    and  bid  the  following: 

uniformity  of  the  mix.     It  was  also  desired  to  learn  Bid  per 

whether  or  not  concrete  which  is  of  satisfactory  strength  27  cubic'  feel                                             '""so"^ 

and  uniformity  of  mix  can  be  produced  with  27E  pavers  30  cubic  let                                                      \  94 

using  a  33-cubic-foot    batch  and  a  mixing  time  of  GO  33  cubic  feet.  _ .                                                  .93 

seconds  or  less.  35  cubic  fect-                                                    ■  93 

The  projects  selected  for  this  study  involved  rather  On  State-aid  project  291G  the  successful  contractor 

extreme  conditions  and  are  described  in  the  following  bid  the  following: 

paragraphs.        _  Size  of  batch    '                                            «,^?£d. 

I  wo  Wisconsin  projects  were  studied,  State-aid  proj-  27  cubic  foci                                                  $1  04 

ect  2916,  9.88  miles  in  length,  and  State-aid  project  2926,  30  cubic  feel                                                        '.  99 

11.27  miles,  both  in  Sheboygan  County.     The  following  33  cubic  feet                                                     .  97 

description    applies    to    both    jobs:    20-foot    section,  35  cubic  feet _ 

9-6.5-9  inch  thickness;  a  normal  concrete  having  a  slump  Prior  to  this  time  the  maximum  allowable  batch  in 
of  about  1%  inches,  a  constant  cement  and  water  con-  Wisconsin  was  30  cubic  feet,  and  the  contractors  did  not 
tent,  and  a  practically  constant  proportion  of  gravel  reflect  as  large  a  reduction  in  bid  prices  between  the  30 
and  sand,  three  sizes  of  coarse  aggregate  uniformly  and  33-cubic-foot  batches  as  between  the  27  and  30  cubic- 
graded  with  a  maximum  size  of  2){  inches  and  a  work-  foot  batches,  probably  because  there  was  some  doubt  in 
ability  factor,  b/bn,  averaging  0.75  and  varying  by  design  their  minds  concerning  the  ability  to  handle  the  larger 
hardly  an  appreciable  amount.  The  aggregates  were  batches  in  the  trucks  or  in  the  mixer.  As  the  large 
proportioned  by  wreight  and  bulk  cement  was  used.  The  sized  batches  were  tried  out  in  actual  operation,  the 
water  devices  on  the  four  different  mixers  used  on  these  contractors  on  these  jobs  found  that  the  33-cubic-foot 
two  jobs  were  fairly  accurate.  The  blades  and  buckets  batch  was  handled  with  as  much  ease  as  tiie  smaller 
in  all  the  mixers  were  new  and  in  excellent  condition,  batches,  and  even  the  35-cubic-foot  batches  were  han- 

A  study  was  also  made  on  Federal-aid  project  259  A  died  by  the  new  mixers  without  any  difficulty, 

and  B,  Jefferson  County,  Ark.     Following  is  a  descrip-  On  the  Arkansas  job  the  investigation  was  primarily 

tion  of  the  project:  Length,   16.97  miles;  18-foot  sec-  arranged  for  quality  and  not  for  production,  although 

tion,  9-6-9  inch  thickness;  a  relatively  dry  concrete  detailed  stop-watch  studies  were  made  on  the  different 

with  an  approximate  slump  of  1%  inches,  a  constant  batch  sizes  to  determine  how  the  mixer  cycle  was  affected, 

cement  and  water  content,  and  a  fairly  uniform  sand  and  uniform  procedure  adopted  for  obtaining  test  samples 

stone  content,  two  sizes  of  well-graded,  crushed  trap  . 

rock  as  coarse  aggregate,  with  a  maximum  size  of  2%  In  ordeF  to  obtain  data  on  these  three  jobs  as  nearly 

inches,  and  a  workability   factor,    b/b0,  averaging  ap-  comparable  as  possible,  the  same  general  procedure  of 

proximately  0.75   and  varying  only  within  a  narrow  sampling  and  testing  was  used  on  all  jobs  in  determining, 

range  by  design.     The  aggregates  were  proportioned  bv  for  each  oi  the  four  ™rnei's  and  the,  center  of  each,  batch> 

weight  and  sack  cement  was  used.     A  dual  water  tank  the  e-yact,  amount  of  gravel,  sand,  cement,  and  water 

open    to    atmospheric    pressure    measured    the    water  contained  in  the  concrete  at  these  respective  points, 

fairly    accurately.     The    blades    and    buckets    of    the  One  cylinder  for  a  compression  test  was  also  made  from 

mixer  drum  were  in  fair  condition.  he   concrete    taken    at  each   oi    these   points.      Three 

It  is  believed  that  these  three  jobs  are  fairly  represen-  be«"?8  were  made  from  each  sampled  batch  and  the 

tative  of  present  good  practice  in  the  production  of  mold,s  fo1'  gese  were  so  placed  that  in  general,  a  beam 

concrete  for  highway  paving  purposes  in  the  United  break  would  be  obtained  for  each  of  the  five  points  from 

States,  and  that  the  most  probable  dangers  or  difli-  wlT\lch  th<'  cylinders  were  taken 

culties  that  are  likely  to  arise  in  connection  with  the  Figure  1  shows  the  five  sample  biickets  and  three  beam 

use  of  batches  large/ than  those  normally  used,  a  re-  molds  Plac*d  0D     he  subgrade.     The  spreader  bucket 

duced    mixing    time,    and    multiple-sized    aggregates,  was  dumped  over  these  buckets  and  beam  molds  in  the 

would  be  evidenced  on  one  or  more  of  these  jobs  during  same  way  on  all  the  jobs,  so  that  the  first  beam  mold 

the  Course  of  the  Studies.  1  State  furnished  cement. 
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Figure  1. — Metal  Sample  Buckets  and  Metal  Beam 
Molds  in  Position  to  Receive  Concrete  as  Dumped 
from  Mixer  Spreader-Bucket 

and  two  buckets  received  the  first  part  of  the  batch,  the 
next  beam  mold  and  bucket  was  filled  from  the  middle 
part  of  the  batch  and  the  remaining  beam  mold  and 
buckets  received  samples  from  the  last  part  of  the 
batch.  As  soon  as  this  operation  was  completed,  the 
sample  buckets  and  beam  molds,  properly  identified, 
were  removed  to  the  berm  of  the  roadway  as  shown  in 
the  upper  left-hand  photograph  of  Figure  2.  The  pro- 
cedure was  then  as  follows:  The  concrete  obtained  in  the 
first  bucket  was  dumped  into  a  large  pan  and  small 
scoopfuls  of  concrete  were  placed  alternately  in  a 
cylinder  and  in  a  pail  for  the  separation  test.  This 
operation  was  repeated  consecutively  for  each  of  the 
other  buckets.  The  cylinder  molds  rested  on  a  steel 
plate  and  were  arranged  in  the  same  order  as  that  in 
which  the  buckets  were  placed  on  the  subgrade.  Each 
cylinder  was  tamped  twenty  times  along  the  edge  and 
five  times  at  various  places  in  the  center  of  each  one- 
third  point  as  they  were  being  filled. 

While  these  operations  were  in  progress  another  man 
spaded  the  beams  twenty  times  along  each  side  and 
four  times  along  each  end  with  a  trowel,  then  rodded 
along  the  edges  with  a  bullet-pointed  %-inch  rod  in  a 
like  manner,  and  finally  repeated  the  spading  with  the 
trowel  after  which  the  surface  was  struck  off  and  fin- 
ished. Every  effort  was  made  to  leave  the  mass  of 
concrete  in  the  center  of  the  beams  undisturbed. 
These  specimens,  both  beams  and  cylinders,  were  cured 
on  the  berm  under  wet  burlap  about  24  hours  and  then 
hauled  in  damp  sand  to  the  central  curing  point.  In 
Arkansas  the  specimens  were  cured  near  the  job  in  a 
large  lake  which  had  practically  a  constant  temperature 
of  about  80°  F.    In  Wisconsin  the  specimens  were  cured 


in  wet  sand  which  had  a  fairly  constant  temperature  of 
about  80°  F.  The  beams  on  all  the  jobs  were  cured  at 
the  field  curing  station  until  broken.  The  cylinders  were 
left  to  cure  for  about  21  days  and  then  hauled  to  the 
State  testing  laboratory,  where  they  were  placed  in  a 
moist  closet  until  they  were  broken  at  28  days.  All  the 
beams  on  these  four  jobs  were  broken  by  the  same 
type  of  portable  cantilever  testing  machine  and  on  each 
job  the  same  operator  made  all  the  breaks.  In  testing 
the  beams  the  load  was  applied  on  the  dynamometer 
at  the  rate  of  40  pounds  in  10  seconds.     (See  fig.  2.) 

PROPORTIONS  OF  MATERIALS  IN  EACH  SAMPLE  DETERMINED  BY 
WASH  TEST 

A  25-pound  sample  of  concrete  was  always  used  for 
the  separation  or  wash  test.  All  weighing  was  done 
on  a  35-pound  scale  sensitive  to  one-sixteenth  of  an 
ounce.  All  weights  were  recorded  in  ounces  and  frac- 
tions of  an  ounce.  The  procedure  was  as  follows: 
Each  sample  representing  one  of  the  four  corners  of  the 
batch  or  the  center  was  immediately  weighed  and 
adjusted  to  25  pounds  in  air,  and  then  weighed  under 
water.  (See  fig.  3.)  It  was  then  placed  in  a  nest  of 
sieves,  consisting  of  one  No.  4,  one  48-mesh,  and  one 
100-mesh  sieve,  and  washed  over  a  large  tub  in  order  to 
retain  all  the  wash  water.  The  material  retained  on  the 
No.  4  sieve  was  classified  as  coarse  aggregate,  and  that 
retained  on  the  100-mesh  sieve  as  sand.  The  weight  of 
sand  was  later  corrected  to  include  the  weight  of  ma- 
terial passing  the  100-mesh  sieve,  which  was  determined 
by  a  separate  auxiliary  test.  This  material  was  first 
weighed  under  water,  then  air  dried,  weighed,  and  sub- 
jected to  a  sieve  analysis.  The  sand  was  also  weighed 
directly  under  water.  The  weight  of  the  cement  under 
water  was  then  computed  by  obtaining  the  difference 
between  the  weight  of  the  total  sample  under  water 
and  the  sum  of  the  corrected  weights  of  the  gravel  and 
sand  under  water.  The  weight  of  cement  for  the  center 
sample  was  checked  by  permitting  the  cement  washed 
from  the  center  sample  to  settle  in  the  tub  and  weighing 
the  cement  thus  collected  under  water.  The  weight  of 
water  was  obtained  by  taking  the  difference  between 
the  total  sample,  or  400  ounces,  and  the  sum  of  the 
weights  of  the  gravel,  sand,  and  cement.  (See  fig.  4.) 
The  specific  gravity  of  the  gravel  and  the  sand  was 
determined  with  a  metal  pyenometer. 

In  order  to  determine  the  percentage  of  moisture  in 
the  aggregates,  samples  of  the  gravel  and  sand  for  each 
batch  tested  were  taken  at  the  plant  while  the  truck 
was  loading,  and  tested.  This  sample  was  then  washed 
through  a  nest  of  sieves  to  determine  the  correction 
factor  for  the  material  passing  the  100-mesh  sieve. 

DETAILED  PRODUCTION  STUDIES  MADE  ON  WISCONSIN  JOBS 

On  the  two  Wisconsin  jobs  daily  detailed  production 
studies  were  made.  At  least  a  mile  of  pavement  was 
constructed  for  each  batch  size  of  27,  30,  33,  and  35 
cubic  feet.  The  batchmeter  was  generally  set  at  60 
seconds,  which  resulted  in  an  actual  mixing  time  of 
about  55  seconds  for  all  solid  materials.  A  little  over 
a  mile  of  pavement  was  also  constructed  on  which  a 
33-cubic-foot  batch  was  used,  with  the  batchmeter  set 
at  50  seconds,  making  the  actual  mixing  time  of  all 
solid  materials  about  45  seconds. 

By  means  of  stop-watch  studies  of  the  key  equipment 
for  two  or  more  hours  every  day,  the  effect  on  produc- 
tion and  unit  costs  was  determined  for  each  batch  size 
and  each  mixing  time.  Three  to  four  batches  were 
usually  sampled  each  day.    The  different  sized  batches 
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Removing  Sample  Buckets  and  Beams  from  the  Subgrade  to  the  Berm  Cylinders  were  Made  According  to  the  A.  S  T  M  Methods  Beams 
of  the  Koad,  where  Analysis  was  Made  of  the  Five  Parts  of  the  Batch  were  Rodded  Only  at  the  Edges  without  Disturbing  the  Center  Mass 
for  the  Exact  Amount  of  Gravel,  Sand,  Cement,  and  Water.  of  the  concrete 


V 


Beam  Specimens  were  Cured  in  Damp  Sand  for  28  Days  and  Tested  in 
the  Field. 


The  Beam-Testing  Machine  and  the  Load  Application  were  Controlled 
so  as  to  be  the  Same  on  all  Specimens,  and  all  Tests  were  Made  by  the 
Same  Operator. 


Figtjkk  2. — Samples  for  Test  Cylinders  and  Wash  Analyses  were  Obtained  from  4  Corners  and  Center  of  each  Batch 
as  Placed;  Three  Beams  Representative  of  the  Same  Portions  of  the  Batch  were  also  Cast 


were  alternated  in  order  to  make  all  conditions  com- 
parable. For  example,  in  the  morning  a  27-cubic-foot 
batch  would  be  sampled;  just  before  noon  a  30-cubic- 
foot  batch;  immediately  after  noon  a  33-cubic-foot 
batch;  and  later  a  35-cubic-foot  batch.  The  following 
day  this  order  would  be  changed.  When  batches  to  be 
sampled  were  either  smaller  or  larger  than  those  being 
run,  about  nine  to  twelve  batches  of  the  new  size  would 
be  run  through  the  mixer  before  the  sample  was  taken 
so  that  the  mixer  would  be  operating  normally  under 
the  changed  batch  size.  The  water  at  the  mixer  was 
always  changed  in  proportion  to  the  batch  size  being 
tested. 

As  soon  as  the  work  in  Wisconsin  was  well  under  way 
the  quality  tests  and  production  studies  indicated  that 
it  would  be  decidedly  more  economical  to  use  a  33  than 


a  30-cubic-foot  batch,  and  that  this  could  be  done  with- 
out any  sacrifice  of  quality  in  regard  to  either  uniform- 
ity of  mix  or  strength.  The  33-cubic-foot  batch  was 
therefore  adopted  and  used  entirely,  except  for  such 
few  modifications  as  were  necessary  in  order  to  obtain 
the  required  test  samples. 

Three-year-old  mixers,  1927  models,  were  used  by 
both  the  contractors  on  the  Wisconsin  jobs  during  the 
first  part  of  the  studies.  A  complete  series  of  tests  and 
production  studies  were  made  on  both  of  these  jobs 
while  the  old  pavers  were  still  in  operation,  using  27, 
30,  33,  and  35  cubic-foot  batches.  Later  the  old  mixers 
were  replaced  with  new  1930  model  27E  mixers  and 
another  complete  study  of  27,  30,  33,  and  35  cubic- 
foot  batches  was  made  on  each  job  for  quality  and 
production. 
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Figure  3. — Each  Sample  was  Weighed  in  Air  and 
then  in  Water,  with  the  Apparatus  Shown. 
Weighing  was  Accurate   to    One-sixteenth    Ounce 

Before  the  Wisconsin  studies  were  closed  a  series  of 
tests  with  30  and  33  cubic-foot  batches  was  tried,  using 
respectively,  a  50,  GO,  and  80  second  mixing  time  set- 
ting of  the  batchmeter.  A  complete  study  was  made  for 
each  of  these  combinations.  In  all  of  this  investigation 
the  batchmeter  was  set  at  the  nominal  mixing  time  of 


Figure  4. — Field  Equipment  for  Wash  Test  Analysis. 
Lower  Photograph  Shows  Process  of  Washing 
the  Cement  out  of  the  Samples  of  Concrete 
through  a  Nest  Composed  of  a  No.  4,  a  48,  and  a 
100-Mesh  Sieve 

50,  60,  or  80  seconds,  so  that  the  actual  mixing  time 
with  all  the  solid  materials  in  the  drum  wras,  in  reality, 
about  45,  55,  and  75  seconds,  respectively. 

DETAILED  AND  SUMMARY  TABLES  PREPARED 

Detailed  tables  and  summaries  of  which  Table  1  is 
an  example,  were  made  for  the  studies  on  each  job. 


Table  1. — Effect  of  size  of  hatch  on  uniformity  of  mix  and  strength  of  concrete,  for  State-aid  project  2926,  Sheboygan  County,  Wis.; 
27-cubic-foot  botch:  27E  paver,  old  model,  good  condition;  aggregates,  good  limestone  gravel,  pit  sand 
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11.62 
11.85 

11.67 
10.96 
11.45 

6.  25 
6.1£ 

6.11 
5.95 
6.24 

2.22 

2.47 
.80 

4.53 
.84 

.713 
.750 
.736 
.767 
.  734 

3.  (Ml 
3.  160 
2,  945 
2,810 
3,180 

1.48 
4.12 
2.96 
7.41 
4.78 

510 

1.30 

800 

4.19 

7',0 

5.67 

480 
560 

7.10 
8.39 

885 
820 

5.99 
1.80 

824 
855 

.94 

4.76 

Average 

51.  69 
2.19 

30.65 
2.  95 

11.51 
2.12 

6.  14 
1.43 

2.17 

.740 

3,035 

4.15 

517 

5.60 

835 

4.00 

816 

3.79 

Batch  variation 

— 

— 

—          — 

■ ' 

January,  1932 
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Table  1. 


-Effect  of  size  of  batch  on  uniformity  of  mix  and  strength  of  concrete,  for  State-aid  project  2926,  Sheboygan  County, 
21 '-cubic-foot  batch;  27E  -paver,  old  model,  good  condition;  aggregates,  good  limestone  gravel,  pit  sand — Continued 


Part  of 
batch 

Pr 

»ht 

Sample 
vari- 
ation 
factor 

Work- 
ability 
factor 

6/fco 

Cylii 
28  d 

ders, 
ays 

lira 

ms 

Batch  No.  and  date  made  (1930) 

iportions  by  wei 

7  df 

lys 

28  ■ 

1 
i   ruler 

End  break 

break 

Gravel 

Sand 

Per  cent 
32.  75 
30.  30 
30.72 
29    L2 
30.45 

Cement 

Water 

Strength 

Vari- 
ation 

Per  cent 

1  is 
5.  is 

2  HI 
5.  30 

Strength 

Vari- 
ation 

Strength 

Vari- 
ation 

Strength 

Vari- 
ation 

No.  14  (Aug.  S).  ... 

A 
B 

Center 
C 
D 

Pei  a  hi 

IS    'JO 

52.51 

50.  48 
53.  SI 
51.34 

Per  cent 
12.  37 
11.47 
12. 15 
11.17 
12  30 

Per  cent  Per  cent 

0.686 

.  752 
'.  70S 
.7h7 
.  738 

Lbs.  per 
«/.  in. 
3,290 
3,410 

3,310 

3.0711 

3,  130 

Lbs.  per 

sq.  in. 
180 

Per  cent 
11.23 

Lbs.  per 
sq.  in. 
970 

Per  cent 
s.  50 

Lbs.  per 
sq.  in. 
865 

/•( '  •■■  ni 
3     'a 

5.71 
(i.  14 
5.89 

5  '.il 

3.  61 
2.92 
5.11 
2.09 

552 

590 

541 

2.09 
9.  12 

7    is 

857 
855 

4.13 
4,  36 

820 
820 

1.  SO 

1.80 

51.27 

3  no 

30.  67 

2.78 

11.89 
3.  84 

6.  16 

0.37 

4.00 

.730 

3,  242 

3.  50 

894 

5.66 

835 

2   in 

Batch  variation ..percent. 

No.  23  (Aug.  13) 

A 

B 

Center 

(' 
D 

52.19 
49.  42 
54.  42 
59.  58 
54.62 

30.  45        11.  27 
32.37        11.77 

6.  09 
6.  42 

5.85 

5.  32 

6.  15 

;:  si 
9.27 
1.12 
11.28 
2.  58 



.  738 
.  1197 
.773 
.851 
.  752 

1,220 
4,  260 

3,  330 
3,  74(1 
3,710 

9  55 

670 

2.  66 

1,020 

4.08 

1,  055 

1.  10 

29.  02 
25.  70 
29.20 

10.70 
9.  40 

111.  02 

13.  58 

2  '.'1 

705 
090 

2.  13 
24 

985 

935 

.51 
4.59 

1,  

1,045 

3.  12 
2.04 

Average 

54.05 

1.  79 

29.35 
5.62 

10.63 

6.  94 

5.97 
5.10 

5.61 

.763 

3,  852 

8.06 

688 

1.78 

'.ISO 

3.06 

l,06i 

2  09 

Batch  variation per  cenl 

A 
B 
Center 
C 
D 

No.  29  (Aug.  15) 

52.  45 
48.12 

51.  78 

52.  23 
50.11 

3ii  ::.      in  so 

34.12       11.35 

31.  12  ,     10  85 
30.75  1     10.57 
32.20  ;     11.  17 

5.99 
6.40 
6.24 
6.44 
6.  51 

3.21 
4.  11 
1.48 
2.79 
1  98 

.743 
.  G79 
.734 
.737 
.  706 

.720 

2,  970 

3,  II  in 

2,  790 

3,  010 
3,  140 

1.07 

3.  26 
7.  06 

.27 

4.  59 

632 

10.30 

930 

2.96 

845 

.20 

595 

192 

3.84 

11.  11 

840 
940 

7.01 
4.06 

870 
825 

2.  75 
2.  56 

573 

9.43 

Average .  ...  

50.  94 

2  si; 

31.79 
3.45 

10.  95 
2.28 

6.32 
2.53 

2.78 

3,002 

3.25 

903 

4.  OS 

SI7 

-.1 

Batch  variation per  cent.. 

No.  32  (Aug.  16)      .   . 

A 
B 

Center 
C 
D 

52.  98 
51.75 

48.48 
52.  86 
51.45 

30.  05 
31.05 
32.62 
30.05 

31.  15 

10.  95 
10.95 
12. 15 
10.92 
10.95 

6.01 
6  25 
6.  74 
(i.  16 
6.  15 

3.20 
.97 
0.62 
2. 62 
1.20 

.747 
.  728 
.681 

.747 

.  725 

3,  460 
2,  750 
3,040 
2.9111 
3,090 

13.  43 
9.  82 
.  33 
4.58 
1.31 

585 

6.00 

935 

4.91 

880 

11.  12 

612 
670 

1.65 

7  (ill 

950 
1,065 

3.  39 

s,  31 

1,020 
1,070 

3.03 

s.os 

Average .     

51    51 

2   39 

;n   '.IS 

2.42 

11.18 

3.44 

6.32 
3.  45 

2.S2 

.726 

3,050 

5.89 

622 

5.  11 

983 

5.54 

990 

7.41 

Batch  variation per  cent.. 

A 
B 
Center 
C 
D 

No.  34  (Aug.  18) 

47.95 
48.  86 
48. 114 
50.  82 
52.  17 

:i  mi 
33.  25 
33.  62 
32.  00 
31.00 

11.90 
11. 72 

12.  10 
11.31 
10.  60 

6.  15 
6.  16 

6.  23 
5.  86 
5  93 

2.98 
1.60 

3.  49 
2.47 
5.32 

.676 
.69] 

.  680 

.  723 
.714 

4,020 
4,  160 

4,  055 
3,  990 
l.  i  10 

1.30 

2.  14 

.44 

2.01 

1.64 

755 

1.25 

980 

4.45 

965 

9.88 

79.-, 
687 

6  in 
7.87 

S95 
9111 

1  il 
.  is 

S35 
835 

4.93 
4.93 

878 

Average  .. 

49.  b3 
3.25 

32.77 
3.  11 

11.52 
3.  98 

6.06 
2.34 

3.17 

.703 

4,073 

1.51 

Tlii 

5.24 

938 

3.08 

i.  58 

Batch  variation percent.. 

A 
B 
Center 
C 
D 

No.  3S  (Aug.  19) 

50.31 
17.  45 
50.  51 
45  51 
58  75 

50.51 
0.55 

31.52 
33.  85 
31.37 
34.90 
25  87 

31.50 
7  33 

12.05 
12.  09 
12.07 
12.90 
10.  15 

6.11 
6.61 

0.03 
6.  68 

5.22 

.  fill 

.98 
9.  63 
1 5.  86 

.715 
.  667 
.717 
.  64 1 
.842 

.7111 

3,  560 
3,  760 

3.  3SO 
3,  3911 
3.  110 

3.  19 
9.  30 
1.74 
1.  15 
9.  59 

605 

4.28 

1,025 

3.71 

905 

3.21 

643 
605 

S3 

5.  13 

905 
1,  035 

s    i  ; 
4.  73 

930 

970 

.  53 
3.  74 

11.85 
5.  76 

6.  13 

(',.  76 

6.60 

3,  440 

5   11 

638 

3.41 

ess 

5.  62 

935 

2  49 

Batch  variation .per  cent 

A\ ERAGES 


A 
B 
Center 
C 
D 

50.70 
49.82 
50.75 
53.  11 
52.39 

31   r.l 
32.  21 
31.47 
29.  1  1 
30.55 

11.  is 

11.72 
11.58 

11.02 

in  91 

6.18 

l,   21 
6.19 
.".  9  1 
6.  11 

2.91 
4.  17 
2.  58 
7,71 
4.23 

.717 
.70S 
.71S 
.  755 
.711 

3,  39S 
3,  108 

3,  21  IS 
3,221 
3,  331 

4  (is 
6.61 

5.  IS 
3.49 
4.50 

616 

6   3  1 

9211 

4.  52 

875 

1.  07 

111  15 

598  1 

4.  03 
7.40 

879 
905 

5.36 

3.81 

SS9 
S91 

2.71 
4.73 

51.35 
3.48 

31.16 
4.  Ill 

11.35 
4.21 

6.  13 
4.08 

3.95 

727 

3,31  1 

I   77 

ooi ; 

5.91 

901 

4.56  | 

885 

4.04 

650 

53.17 

29  97 

11.01 

5.85 



.770 

650 

These  tables  give  the  results  of  the  analysis  of  each 
sample,  the  percentage  of  coarse  aggregate,  sand, 
cement,  and  water  it  contained;  the  average  percentage 
variation  of  each  material  within  the  batch;  the  varia- 
tion factor  within  the  sample,  and  the  compressive  and 
transverse  strength  of  the  respective  cylinders  and 
beams.  Column  2  of  each  of  these  tables  identifies 
the  part  of  the  batch  from  which  the  sample  was  taken 
as  follows:  Looking  away  from  the  mixer,  sample  A  was 
taken  from  the  left  front  corner  of  the  batch,  B  from 
the  right  front  corner,  that  called  Center  from  the 
central  portion  of  the  batch,  C  from  the  left  rear,  and 
D  from  the  right  rear  corner. 


Under  the  caption  "Proportions  by  weight"  thes 
tables  show  in  percentage  by  weight  the  values  give 
by  the  analysis  for  the  gravel,  sand,  cement,  an 
water  found  in  each  sample.  Each  batch  has  also  bee 
summarized,  and  then  all  batches  sampled  on  eac 
job  for  a  given  batch  size  have  been  averaged  togethe 
to  obtain  the  summaries  shown  at  the  bottom  of  each 
of  the  various  tables,  and  also  combined  into  the 
smaller  summary  tables  for  each  job  or  study. 

If  it  were  possible  so  to  proportion  and  mix  the  con- 
crete as  to  obtain  the  same  amount  of  gravel,  sand, 
cement,  and  water  in  all  parts  of  the  batch,  the  per- 
centage variation  would,  of  course,  be  zero.     However, 
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Table  2. — General  summary  showing  effect  of  size  of  batch  on  uniformity  of  mix  and  strength  of  concrete,  for  Stale-aid  project  2926, 
Sheboygan  County,   Wis.;  27E  -paver,  1927  model,  good  condition;  aggregates,  good  limestone  gravel,  pit  sand 


Part  of 
batch 

A 
B 

Center 
C 
D 

Proportions  by  wei 
Gravel     Sand     Cement 

\\  ater 

Aver- 
age 

sample 

varia- 
tion 

factor 

Work- 
ability 
factor 
6/fto 

0.7,7 
.708 
.718 
.  755 
.741 

Cylinders,  28 
days 

Beams 

7  days 

28  days 

Size  of  batch 

End  break 

Center  break 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

Lbs.  per 
sq.  in. 
875 

Varia- 
tion 

Per 

cent 
50.  70 
49.  82 
50.75 
53.  11 
52.39 

Per 

cent 

31.64 

32.21 

31.47 

29.  1 1 

30.  55 

Per 

cent 

11.48 

11.72 

11.58 

11.02 

10.94 

I'er 
Cl  nt 
6.  18 
6.21 
6.  1!) 
5  '.14 
6.  11 

Per 

cent 
2.91 
4.  17 
2.58 
5.74 
4.23 

Lbs.  per 
sq.  in. 
3,398 
3.408 
3,208 
3.224 
3.331 

Per 
cent 
4.08 
6.61 
5.18 
3.49 
4.50 

Lbs.  per 
sq.  in. 
616 

Per 
cent 
6.34 

Lbs.  per 
sq.  in. 
920 

Per 
cent 
4.52 

Per 
cent 
4.67 

605 
598 

1   03 
7.46 

879 
905 

5.36 
3.81 

889 
891 

2.71 
4.73 

51.35 
3.48 

31    16 
4.04 

11.35 
4.21 

6.  13 
1.08 

3.95 

.727 

3,314 

4.77 

606 

5.94 

901 

4.56 

885 

4.04 

A 
B 

Center 
C 
li 

30  cubic  feet 

50.  05 
49.21 
52.11 
56.  56 
54.21 

32.  31 
32.  62 
30.82 
27.76 
29.  36 

11.28 
11.67 
10.83 
10.15 
10.57 

6.31 

6,  V.i 
6.22 
5.52 
5.86 

5.32 
6.67 
2.57 
8.51 
4.03 

TIN 

692 

.739 

.810 

.771 

3,252 

3,  433 
3,262 
3,178 
3,372 

7.13 
6.23 
4.33 

8.99 
9.21 

582 

5.37 

S6S 

4.12 

818 

4.66 

586 
568 

2.06 
5.45 

855 
859 

:  'in 
2.74 

870 

882 

4.  78 
6.03 

4.77 

30.58 
5.69 

10.90 
5.70 

6.08 
5.52 

5.42 

.744 

3,300 

7.20 

579 

4.25 

861 

3.59 

856 

5.  17 

A 

li 

Center 

(' 

1) 

49.  97 
19  BO 
51.93 
54  60 
52.50 

31.87 
31.  98 
30.3(1 
28,  5 1 
30.  23 

11.92 
11.94 
11.65 
10.94 
11.21 

fi.  24 
6.28 
6.  10 
5.  S6 
6.04 

3.78 
5.02 
4.45 
6.  90 
4.65 

.708 
.704 
.737 
.776 
.745 

3.508 
3, 433 
3,539 
3, 474 
3.608 

6.  3'l 
6.16 
5.18 
3.98 
6.60 

612 

1    22 

861 

5.66 

868 

5.02 

642 
636 

3.  64 
3.49 

!.20 
919 

4.05 
3.  18 

882 
951 

5.03 
8.02 

51.76 
4.41 

30.  7,8 

run 

11.53 
5.46 

6.  12 
4.94 

4.96 

.734 

3,512 

5.66 

630 

3.78 

901 

4.29 

900 

6.03 

A 

H 

i  'enter 

C 

1) 



35  cubic  feet.. _ 

50.99 
51.21 
40.  85 
53.  23 
54  08 

31.  63 
31.53 

32.  14 
30.  29 
29.  57 

11.25 
11.09 
11.67 
10.53 
10.  63 

6.  12 

6.  16 
6.33 
5.  '.'3 
5.  71 

2.76 
3.  59 
5.  17 
5.  80 
5.  66 

.716 
.732 
.705 
.  756 
.770 

3, 148 
3,  102 
3.359 
3. 069 
3,211 

4.94 
6.  f>6 
5.77 
6.20 
8.  79 

602 

2.91 

w 

5.21 

897 

5.04 

607 
611 

3.73 
3.  17 

886 

861 

3.14 
3.  35 

903 
854 

5.53 
3.95 

1 

51.88 
3.97 

31.  03 

4.  06 

11.04 
5  99 

6.05 

1    37 

i.  59 

.735 

3,  178 

6.47 

607 

3.27 

876 

3.90 

885 

4.84 

Table  3. — General  summary  showing  effect  if  size  of  batch  on  uniformity  of  mix  and  strength  of  concrete,  fur  State-aid  project   2926, 

Sheboygan  County,  Wis.;  27E  pun  r,  m  w;  aggregate,  good  limestone  gravel,  pit  sand 


Part  of 
batch 

Proportion 

s  by  we 

ght 

A  ver- 
age 
sample 

varia- 
tion 

factor 

Per 
cent 
3.65 
3.  07 
3.  69 
2.72 
4.24 

Work- 
ability 
factor 
6/6o 

0.753 
.751 
.766 
.751 
.752 

Cylinders,  28 
days 

Iie:im< 

7d 

lys 

28  days 

Size  nf  batch 

End  break 

Center  break 

Gravel 

Sand 

Cement 

Water 

Strength 

'  Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

;  Varia- 
tion 

Strength 

Varia- 
tion 

27  cubic  feet 

A 
B 

Center 
C 
D 

Per 

cent 

52.89 

52.  76 

53.79 

52.78 

52.78 

Per 

cent 

29.  63 

29.95 

29.07 

29.76 

29.82 

Per 

cent 

11.51 

11.55 

11.36 

11.59 

11.60 

Per 

cent 
5.96 

5.  73 
5.77 

5.  87 
7..  SI 

Lbs.  per 
sq.  in. 
3,  616 
3.491 
3,370 
3,623 

3,671 

J     Per 
]    cent 
I     10. 29 
5.40 
8.21 
4.60 
8  90 

Lbs.  per 
sq.  in. 
613 

Per 
cent 
5.45 

Lbs.  per 
sq.  in. 
890 

Per 
cent 
3.80 

Lbs.  per 
sq.  in. 
859 

Per 
cent 
4.39 

573 
593 

3.95 
2,  76 

S37 
878 

4.56 

2.71 

824 

sso 

4.81 

5.56 

1 

Average. 

53.00 
2.59 

29.65 
3.40 

11.52 
4.14 

5.83 
3.77 

3.48 

.755 

3,554 

7.48 

593 

4.05 

868 

3.69 

854 

4.92 

A 

H 

Center 

s 

30  cubic  feet .   .   . 

52.  13 
53.38 

53.  93 
53.35 
51.43 

30.07 
29.34 
28.  70 
29. 04 
30.58 

11.88 
11.59 
11.62 
11.66 
12.01 

5.92 
5  68 
5.74 
5.94 
5.98 

3.36 

2.  69 
I.  69 
4.98 
4.17 

.740 

.762 
.  769 
.760 
.728 

3,678 
3,711 
3,  494 
3,577 
3,729 

s.  91 
4.99 
4.47 
9.96 
5.39 

611 

5.34 

913 

4.48 

903 

7.33 

619 
614 

3.83 

4.05 

919 
873 

3.58 
4.82 

921 
890 

4.81 
4.89 

Average  

52.84 
3.18 

29.55 
3.72 

11.75 
3.50 

5.  85 
5.52 

3.98 

.752 

3,  658 

6.75 

615 

4.41 

901 

4.29 

904 

5.64 

A 

li 

Center 

C 

1) 

33  cubic  feet 

51.87 
52.05 
52.44 
50.80 
52.42 

311    69 
30.  IN 

30.  02 
31.29 
30.65 

11.53 
11.26 
11.59 
11.92 
11.16 

5.91 
5.91 
5.94 
5.44 
5.10 

-'.36 

4.00 
1.31 
4.03 
3.19 

.736 

.748 
.744 
.721 
.747 

3,911 
3,956 
3,819 

3.917 
3,874 

6.29 
5.70 
4.86 
5.32 
6.89 

623 

4.20 

905 

4.10 

S6> 

4.63 

609 

624 

3.  58 
5.77 

906 
914 

2.72 
3.77 

900 
864 

4.13 
4.91 

Average 

52.04 
2.87 

30.56 
3.  66 

11.49 
4.20 

5.90 
3.59 

3.58 

.739 

3,901 

5.81 

619 

4.49 

90S 

3.53 

876 

4.56 

Hatch  variation..            ...percent 

A 
li 

I  i-iil.i 
C 
D 

35  cubic  feet 

51.65 
52.58 
51.69 
53.01 
53.52 

30.85 
30.  27 
30.57 
29.76 
29.48 

11.69 
11.43 
11.87 
11.38 
11.40 

5.81 
5.71 
5.  86 
5.85 
5.58 

2.70 
3.23 
3.31 
4.69 
4.75 

.735 
.749 
.736 
.753 
.763 

3,858 
4,025 
3,  809 
3,818 
3,719 

4.83 
6.36 

.-,  S9 
4.77 
7.34 

610 

6.  S3 

916 

4.80 

913 

3.86 

600 
611 

6.11 
3.19 

945 
910 

4.88 
5.83 

870 
936 

5.15 
4.62 

A  verage 

52.50 
2.92 

.III   IN 
3.74 

11.55 
3.89 

5.77 
4.39 

3.74 

.748 

3,  >16 

5.84 

607 

5,  U 

922 

5.17 

9113 

4.54 

Batch  variation per  cent 

1 
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since  it  is  largely  by  chance  that  the  individual  particles 
which  make  up  the  concrete  go  where  they  do,  there 
will  be  variations  in  the  distribution  of  some  or  all  of 
the  ingredients.  The  greater  this  variation,  the  less 
will  be  the  uniformity  of  samples  taken  from  point  to 
point  within  a  batch.  To  compare  the  amount  of 
variation  within  a  batch,  a  factor  of  variation,  or  per- 
centage variation  factor,  has  been  computed  and  is 
shown  in  these  tables  for  each  individual  sample. 
This  variation  factor  has  been  computed  as  follows: 
The  percentages  of  gravel,  sand,  cement,  and  water  for 
the  five  parts  of  each  separate  batch  have  been  averaged 
and  the  arithmetical  average  of  the  percentage  variation 
of  each  of  the  four  ingredients  in  a  sample  from  the  aver- 
age of  the  like  ingredients  for  the  batch,  when  expressed 
as  a  percentage,  equals  the  variation  factor  for  the  sample. 
This  factor  is  given  in  the  seventh  column  of  Table  1. 
The  larger  the  number  the  greater  the  variation,  and  the 
smaller  the  number  the  greater  the  apparent  uniformity. 
The  percentage  variation  of  each  ingredient  from  the 
average  of  the  batch  is  shown  below  the  average  of  the 
percentage  by  weight  of  the  four  ingredients  (gravel, 
sand,  cement,  and  water)  and  was  computed  for  each 
batch  and  also  for  the  summary  sheets. 

The  workability  factor,  b/b0,  tabulated  in  the  eighth 
column,  is  the  ratio  which  the  solid  or  absolute  volume  of 
the  coarse  aggregates  in  a  cubic  foot  of  the  concrete 
bears  to  the  solid  or  absolute  volume  of  a  cubic  foot  of 
the  coarse  aggregate.  The  percentage  of  excess  mortar 
is  equal  to  1  — 6/60.  For  any  given  set  of  job  con- 
ditions, this  factor  appears  to  be  a  good  index  of  how 
workable  the  batch  will  be.  Under  the  heading  "Cyl- 
inders, 28  clays"  is  shown  the  compressive  strength  for 


each  cylinder  as  well  as  the  average  of  all  cylinders  made 
from  each  batch.  These  data  are  so  arranged  as  to 
correspond  to  the  other  factors  shown  for  the  same 
parts  of  the  batch.  The  beam  strengths  are  shown  in 
like  manner. 

On  the  Arkansas  and  Wisconsin  projects  definite 
amounts  of  cement  and  water  were  specified  and  the 
grading  of  the  coarse  aggregate  was  closely  controlled 
by  the  use  of  separate  sizes.  The  mix  was  designed 
entirely  by  State  engineers.  Comparable  conditions 
were  therefore  obtained  throughout  the  tests,  and  the 
same  materials  were  used  for  each  series  of  tests. 

SIZE  OF  BATCH  SHOWS  NO  ESSENTIAL  INFLUENCE  ON  CONCRETE 

QUALITY 

Tables  2,  3,  4,  and  5  give  a  concise  summary  of  the 
principal  part  of  the  work  on  the  two  Wisconsin  jobs. 
An  examination  of  the  values  given  in  these  tables  for 
the  average  variations  of  the  concrete  ingredients 
within  the  batch,  the  average  compressive  and  trans- 
verse strengths,  and  the  average  percentage  variations  of 
these  strengths  within  a  batch,  indicates  that  with  a 
60-second  setting  of  the  batchmeter  no  essential  differ- 
ence can  be  detected  between  a  27-cubic-foot  batch  and 
a  35-cubic-foot  batch  for  any  of  the  four  mixers  used 
on  those  two  jobs.  For  example,  if  we  combine  the 
work  on  the  two  Wisconsin  jobs  for  the  period  during 
which  the  new  mixers  were  used,  as  this  would  illus- 
trate the  results  which  can  be  obtained  under  the  most 
favorable  conditions,  we  have  the  values  given  in 
Table  6. 

If  we  now  turn  to  the  period  when  3-year-old  mixers 
were  used  on  these  two  jobs  as  representing  the  re- 


Table  4. — General  summary  showing  effect  of  size  of  batch  on  uniformity  of  mix  and  strength  of  concrete,  for  State-aid  project  2916, 
Sheboygan  County,  Wis.;  27E  paver,  1927  model,  good  condition;  aggregates,  good  limestone  gravel,  pit  sand 


Part  of 
batch 

Pre 
Oravel 

iportion. 

by  weight 

Aver- 
age 
sample 
varia- 
tion 
factor 

Per 
cent 
6.33 
6.  06 
7. 10 
5.17 
6.45 

Work- 
ability 
factor 
6/6, 

0.716 

.  72S 

.  803 

7711 

.773 

Cylinders,  28 

days 

Beams 

7  days 

28  d 

ays 

Size  of  batch 

End  break 

Center 
Strength 

break 

Sand 

Per 

cent 

31.  79 

31.28 

27.58 

29.21 

29.28 

Cement 

Per 

cent 

11.  16 

10.89 

10.06 

10.82 

10.50 

Water 

Strength 

Lbs.  per 
sq.  in. 
3.  726 
3.  572 
3.340 
3,  557 
3,550 

Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

Lbs.  per 
sq.  in. 
900 

Varia- 
tion 

Per 
cent 
4.57 

Varia- 
tion 

A 
B 
Center. 
C 
D 

Per 

n  ut 
50.  28 
50.  87 
55.  99 
53.47 
53.75 

Per 

a  ni 
6.09 
6.29 
5.69 
5.84 
5.79 

Per 
cent 
5  96 

5  97 
9  58 
4.98 
4.99 

Lbs.  per 
sq.  in. 

578 

Per 
cent 
4.48 

Mis.  per 
sq.  in. 
887 

Per 
CI  ill 
3.  19 

590 
567 

7.  23 

4.S6 

890 
879 

5.34 
3.46 

872 

825 

1.77 
3.90 

52.87 
5.07 

29.83 
6.45 

10.68 
6.94 

5.94 
6.42 

6   22 

.760 

3.  549 

6.30 

578 

5.52 

890 

4.46 

865 

2.88 

Batch  variation per  cent 

A 
B 
Center. 
C 
D 

49.89 
50.74 
53.  c,4 
53.  61 
50.81 

31     16 
31.19 
29.38 
29.34 
31.18 

11.89 
11.  12 
10.46 
10.42 
11.19 

6.00 
6.14 
5.  69 
5.89 
6.02 

4.60 
3.43 
5.96 
5.78 
3.44 

.710 
.  732 
.  783 
.  788 
.  738 

3.803 
3,  863 

3.E 

3,821 
3,  678 

6.17 
7.  13 
8  20 
5.44 
5  48 

631 

3.48 

926 

4.55 

884 

7.15 

633 
619 

3.31 
4.50 

938 
915 

3.22 
4.01 

886 
905 

6.32 
5.06 

51.73 

3  62 

30.50 
4.30 

11.01 
6.60 

5.94 
3.94 

4.62 


.749 

3,  733 

6.48 

628 

3.74 

927 

3.92 

890 

6.35 

Batch  variation... .per  cent 

33  cubic  feet 

A 
B 

Center. 
C 
1) 

50.68 
50.44 
53.  09 
51.  74 
51.95 

31.00 
31.43 

29.  77 

30.  37 
30.57 

11.45 
11.16 
10.48 
11.13 
10.84 

6.16 
6.21 
5.91 
6.05 
5.94 

4.48 
3.41 
4.49 
3.  55 
3.88 

.724 
.  721 
.  765 
.738 
.  746 

3.  653 
3,614 
3,  568 
3,823 
3,742 

3.73 

6.  02 
3.  '.17 
4.40 
1  12 

603 

4.55 

893 

4.46 

896 

3.45 

595 

617 

3.  63 

4.40 

896 
940 

6.11 
5.64 

882 
899 

3.77 
3.03 

51.59 
2.97 

30.63 
3.16 

11.01 
5.88 

6.05 
3.85 

3.96 

.738 

3,680 

4.45 

605 

4.20 

910 

5.40 

892 

3.42 

Batch  variation per  cent- 

A 
B 
l  entei 
C 
D 

51.18 
51.50 
50.  73 
54.01 
52.79 

31.37 
30.89 
31.51 
29.28 
29.  88 

10.88 
10.91 
11.44 
10.25 
11.18 

5.89 
6.04 
5  66 
5.74 
5.47 

5.51 
3.76 
4.09 
6.06 
4.67 

.735 
.737 
.729 

.777 
.  762 

4,015 
3,  962 
3,  827 
3,  846 

3,  865 

3.74 
5.03 
3.  39 

5.  59 

8.71 

600 

3.37 

936 

3.74 

919 

3.82 

613 

597 

5.  01 
3.95 

925 
930 

5.93 
6.61 

899 
916 

2.81 
2.98 

52.00 
3.03 

30.61 
3.58 

10.95 
6.50 

5.76 
6.05 

4.79 

.747 

3,903 

5.29 

603 

4.11 

930 

5.43 

913 

3.22 

- 
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Table  5. — General  summary  showing  effect  of  size  of   batch  on  uniformity  of  mix  and  strength  of  concrete,  for  State-aid  project  2916, 
Sheboygan  County,  Wis.;  27-E  paver,  new;  aggregates,  good  limestone  gravel,  pit  sand 


Tart  of 
batch 

Proportions  by  wei 

;ht 

Aver- 
age 
sample 
varia- 
tion 
factor 

Work- 
ability 
factor 
b/b, 

Cylinders,  28 
days 

Beams 

7  days 

28  days 

Size  of  batch 

End  break 

Center  break 

Gravel 

Sand 

Cement 

Water 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

A 
I! 

i  'enl.-i 

c 

D 

Per 

cent 

51.31 

51.  54 

54.24 

52.98 

52.10 

Per 

cent 

30.95 

30.  82 

28.94 

29.56 

30.19 

Per 

cent 

11.85 

11.69 

11.03 

11.61 

11.87 

Per 

cent 
5.56 
5  56 
5.41 
5   16 
5.53 

Per 

cent 
4.27 
3.40 
4.  08 
4.33 
3.50 

0.739 
.741 
.779 
.766 
.750 

Lbs.  per 
sq.  in. 
3,632 
3,601 
3,480 
3,708 
3,748 

Per 
cent 
5.71 
4.75 
6.15 
7.37 
6.24 

Lbs.  per 
sq.  in. 
574 

Per 
cent 
5.88 

Lbs.  pei 

sq.  in. 

853 

Per 
cent 
3.17 

Lbs.  per 
sq.  in. 
832 

Per 

cent 
5.67 

570 
592 

6.11 
4.24 

810 

845 

5.29 
5.24 

842 

877 

4.87 
6.54 

52.43 
3.  19 

30.09 
4.39 

11.61 
4.49 

5.51 
4.13 

4.05 

.755 

3,634 

6.04 

579 

5.41 

836 

4.57 

850 

5.69 

A 
B 
Center 
C 
1) 

30  cubic  feet              _______  

50.  85 
51.45 
52.10 
51.95 
50.66 

31.08 
30.  66 
30.  33 
30.40 
31.10 

12.23 
12.14 
11.79 
11.95 
12  58 

5.  55 
5    is 
5.48 
5.  45 
5.36 

3.57 
3.  26 
3.  06 

3.89 
4.46 

.733 
.743 

.751 
.752 
.732 

3,  660 
3,664 

3,  509 
3,809 
3,679 

4.10 
4.21 
3.44 
3.63 
6.19 

586 

4.47 

846 

5.15 

873 

6.62 

~ 

581 
598 

4.40 
5.  64 

831 
857 

4.70 
6.53 

875 
857 

5.79 
6.13 

51.40 
2.38 

30.  71 
2.  96 

12.14 
5.17 

5.46 
4.08 

3.65 

.744 

3,676 

4.31 

588 

4.84 

845 

5.46 

869 

6.18 

A 

It 

(  Yr.lei 
(' 
1) 

33  cubic  feet 

52.  38 
51.64 

52.  69 
53.50 
53.17 

30.06 
30  82 
29.  72 

29.00 
29.  50 

11.38 
11.54 
11.66 
11.34 

11.37 

5.72 
5.  65 

.,  60 
5.75 
5.49 

3.  03 
4.07 
3.59 
5.11 
3.27 

.755 
.  753 
.  758 
.767 
.767 

3,496 
3,488 
3,  277 
3,  550 
3,541 

5.77 
3.51 

S    OS 

5.59 
9.14 

592 

5.79 

856 

5.17 

853 

5.69 

588 
590 

4.61 
3.44 

851 

854 

4.05 
7.37 

851 
844 

5.97 

7.  60 

Average     .   . 

52.  68 
2,  91 

■j'.i  s:t 
3.97 

11.46 
4.48 

5.64 
3.91 

3.81 

.757 

3,470 

6.42 

590 

4.65 

854 

5.61 

852 

6.40 



A 
It 
( 'enter 
C 
D 



35  cubic  feet.  .....     ..  

50.98 
51.80 
51.95 
53.  97 
52.00 

31.20 
31.  15 
30.  52 
29  38 

30.41 

11.81 
10.97 
11.70 
10.82 
11.53 

5.  61 

5.  os 
5.  40 
5.  40 
5.  os 

3.  66 
3.93 
3.79 
4.62 

3.44 

3.89 

.732 
.742 
.750 

.77S 
.747 

:t,64s 
3, 862 
3,662 
3,  806 
3.  686 

5.83 
7.12 
4.23 

4.58 
8.  19 

586 

5.67 

830 

6.80 

825 

5.08 

606 

584 

5.  50 

4.35 

846 

798 

8.00 
6.06 

815 
795 

4.72 
6.77 

Average... . 

52.  14 
2.55 

10    •'. 
3.  15 

11.37 
5.30 

5.  50 
4.50 

.749 

3,  733 

5.99 

592 

5.  17 

825 

6.95 

812 

5.48 

Hatch  variation     .....        pei  eenl 

suits  which  might  he  expected  when  old  equipment  is 
used,  we  have  the  values  given  in  Table  7. 

Table  6. — Combined  average  values  of  compressive  strength,  modu- 
lus of  rupture,  and  variation  factor  obtained  on  Wisconsin  State- 
niil  projects  2916  and  2926  for  periods  during  which  new  mixers 
were  used 


Size  of  batch 

Compressive 

strength  of 

cylinders  at 

28  days 

Modulus  of 

rupture  at 

28  days 

Average  variation 

Variation 
factor 
within 
batch 

Cylinders 

Beams 

27  cubic  feet.. 

30  cubic  feet 

33  cubic  feel 

35  cubic  feet         .  . 

Lbs.  per  sq.  in. 
3,594 
3,  667 
3,  685 

3,790 

Lbs.  per  sq.  in. 
852 
880 
872 
860 

Per  a  ni 
6.  76 
5.53 
6.  11 
5.92 

Per  cent 
4.72 
5.39 
5.02 
5.53 

l'i  I   r,  nl 

3.76 
3.81 
3.70 
3.81 

General  average.. 

3.  684 

867 

6.08 

5. 10              3.  77 

Table  7. — Combined  average  values  of  compressive  strength,  modu- 
lus of  rupture,  and  variation  factor  obtained  on  Wisconsin  State- 
aid  projects  2916  and  2926  for  periods  during  which  old  mixers 
were  used 


Size  of  batch 

Compressive 

strength  of 

cylinders  at 

28  days 

Modulus  of 

rupture  at 

28  days 

Average  variation 

Variation 
factor 

Cylinders 

Beams 

within 
batch 

27  cubic  feet.. 
30  cubic  feet..  .   . 
33  cubic  feet 
35  cubic  feet 

Lbs.  per  sq.  in. 
3,431 
3,516 
3,  596 
3,540 

Lbs.  per  sq.in. 
885 
883 
901 
901 

Per  vi  nl 
5.53 
6.  84 
5.05 
5.88 

J'ir  cent 
3.98 
4.70 
4.78 
4.35 

Pei  cent 

5.08 
5.02 
4.46 
4.69 

General  average— 

3,518 

892 

5.82 

4.47 

4.81 

We  find  nothing  here  that  indicates  any  significant 
difference.     For  the  period  during  which  the  old  mixers 


were  used  the  cylinder  strengths  average  a  trifle  lower, 
but  the  beams  were  stronger,  and,  while  the  batch  varia- 
tion was  a  little  higher  for  the  old  mixers,  because  of 
spreader-bucket  design,  the  variation  of  both  beam  and 
cylinder  strengths  was  less.  The  value  of  the  concrete 
produced  by  the  old  mixers,  therefore,  seems  equal  to 
that  produced  by  the  new  mixers,  but,  as  will  be  shown 
later,  the  rate  at  which  concrete  could  be  produced  was 
considerably  greater  for  the  new  mixers. 

Analyzing  the  summary  table  for  Arkansas  (Table  8) 
for  the  same  variation  factors  as  to  uniformity  and 
strength,  we  find  that  these  data  indicate  that  the 
quality  of  concrete  was  not  appreciably  affected  by  the 
use  of  batches  varying  from  27  to  37  cubic  feet. 

INCREASE    IN    BATCHMETER    SETTING    ABOVE   50   SECONDS    PRO- 
DUCED   LITTLE    EFFECT 

In  order  to  investigate  further  the  effect  of  the  mixing 
time  when  larger  than  normal  batches  are  used  the 
setting  of  the  batchmeter  was  varied  to  give  mixing 
times  of  50,  60,  and  80  seconds  during  one  series  of 
tests  on  the  Wisconsin  jobs.  Both  30  and  33  cubic-foot 
batches  were  tested  in  this  manner.  These  data  are 
summarized  in  Tables  9  and  10,  for  the  30  and  33  cubic- 
foot  batches,  respectively.  Average  values  for  both 
sizes  of  batch  are  given  in  Table  11.  As  shown  in  this 
outline,  mixing  either  the  30  or  the  33  cubic-foot  batch 
more  than  50  seconds  (batchmeter  setting)  did  not  pro- 
duce higher  strength  and  resulted  in  only  a  very  slight 
apparent  improvement  in  uniformity  of  mixing. 

Further  light  on  the  variations  in  uniformity  and 
strength  of  the  concrete  on  the  several  jobs  under  dis- 
cussion may  be  obtained  from  a  study  of  the  data  given 
in  Table  12.     The  detailed  tables,  of  which  Table  1  is 
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Table  8.— General  summary  showing  effect  of  size  of  batch  on  uniformity  oj  mix  and  strength  oj  concrete,  for  Federal-aid  project  25!)- A, 
Jefferson  County,  Ark.,  27E  paver,  good  condition;  aggregates,  trap  rock,  river  sand 


Part  of 
batch 

Proportions  by  wei 

sht 

Aver- 
age 
sample 
varia- 
tion 
factor 

Work- 
ability 
factor 
6/&o 

Cylind 
da 

ers,  28 
vs 

Varia- 
tion 

Beams 

Size  of  batch 

7  days 

28  days 

End  break 

Center  break 

Stone 

Sand 

Cement 

Water 

Strength 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

27  cubic  feet 

A 
B 
Center 
C 
D 

Per 
cent 
47.  5S 
49.60 

49.  33 

50.  61 
52.74 

49.90 
3.97 

Per 
cent 
33. 56 
32.  27 
32.48 
31.  78 
29.72 

Per 

cent 

12.08 

11.83 

11.90 

11.27 

11.53 

Per 
cent 
6.53 
6. 05 
6.  06 
6.08 
5.76 

Per 

cent 
5.62 
3.92 
4.38 
6.35 
5.06 

0.  733 
.771 
.  767 
.783 
.818 

Lbs  nn 

SQ.  in. 

4,548 

Per 
cent 
5.76 

Llis.  per 
sq.  in. 
721 

Per 
cent 
9. 36 

Lbs.  per 
sq.  in. 

705 

Per 
cent 
8.04 

Lbs.  per 
SQ.  in. 
715 

Per 

cent 

4.37 

627 
637 

5.  23 
7.06 

681 
735 

6.  11 
7.37 

716 
683 

5  22 

4,594 

5.76 

5.80 

Average 

32.02 
4.35 

11.73 
5.44 

6.11 
6.51 

5.07 

.773 

4,571 

5.76 

662 

7.22 

707 

7.18 

705 

5.13 

Batch  variation .per  cent 

30  cubic  feet _ 

A 
B 
Center 
C 
D 

46.43 
48.17 
48.65 
48.24 
50.38 

48.  37 
4.74 

34.57 
33.  22 
33.22 
33.14 
32.35 

12.39 
12.20 
11.73 
12.  61 
11.07 

6.35 
6.  IS 
6.15 
5.77 
5.96 

4.87 
5.15 
5.19 
6.08 
6.27 

.716 
.750 
.752 
.751 
.779 

4,526 

7.00 

641 

5.81 

693 

6.64 

677 

6.  13 

641 
633 

6.84 
6.37 

680 
712 

8.66 
4.25 

692 
686 

6  77 

4,555 

7.00 

3.22 

Average 

33.  30 
4.44 

12  DO 
8.45 

6.08 
4.42 

5.51 

.749 

4,540 

7.00 

638 

6.34 

695 

6.52 

685 

5.37 

Batch  variation _  percent 

A 
B 

Center 
C 
D 

46.78 
49.52 
47.  36 
47.  14 
48.56 

34.88 
32.84 
34.  37 
34.52 
33.71 

11.85 
11.35 
11.86 
12.05 
11.61 

6.24 
6.04 
6.16 
6.05 

5.88 

3.90 
4.57 
3.94 
6.30 
5.18 

.721 
.767 
.731 
.733 
.752 

5,327 

5.15 

689 

7.77 

745 

3.77 

695 

-> : 

3.38 

678 
658 

4.38 
8.39 

750 

717 

4.62 
2.95 

704 

714 

4  53 

5,579 

5.15 

4.25 

Average.-  

47.87 
4.14 

34.06 
3  97 

11.74 
6.65 

6.07 
4.35 

4.78 

.741 

5,453 

5.15 

675 

6.85 

737 

3.78 

704 

4.05 

Batch  variation per  cent 

34  cubic  feet ... 

A 
B 
Center 
C 
D 

48.04 
47.  65 
47.80 
49.  46 
49.13 

33.  96 

34.  41 
34.32 
33.01 
33.13 

11  57 
11.81 
11.71 
11.33 
11.68 

6.  18 
5.  S8 
5.92 
5.94 
5.80 

4.71 
3.14 
3.07 
4.58 
4.18 

.742 
.732 
.742 

.  766 
.764 

5,596 

4.83 

761 

6.09 

753 

3.59 

756 

8.05 

"~5,~534~ 

~~~4.~83~ 

719 

671 

5.55 

7.72 

774 
718 

6.07 
6.33 

696 
672 

5.48 
6.70 

Average .__ 

i-,  :t<.i 
3.14 

33.79 
3.26 

11.62 
5.29 

12.15 
11.30 
12.23 
11.58 
11.73 

5.95 
4.00 

3.92 

.749 

5,565 

4.83 

717 

6.45 

748 

5.33 

708 

6.74 

Batch  variation .  percent 

A 
B 
Center 
C 
D 

37  cubic  feet. 

47.30 
48.  69 
47.64 
50.20 
48.16 

33.72 
34.07 
32.47 
34.03 

6.11 
6.04 
5.82 
5.51 
5.83 

5.36 
3.71 
3.62 
5.21 
4.53 

.739 

.752 
.738 

.775 
.731 

4,971 

6.68 

681 

3.98 

705 

7.15 

676 

5.77 

702 
667 

7.22 
6.88 

718 
758 

7.53 
7.86 

695 
690 

5  35 

5,060 

6.68 

7.14 

Average .. 

48.40 
3.30 

33.  70 
2.94 

11.80 
6.61 

5.86 
5.10 

4.49 

.747 

5,016 

6.68 

683 

6.03 

726 

7.50 

687 

6.08 

Batch  variation ..per  cent.. 

General  average 

.     1 

4.75 

.752 

5,029 

5.88 

675 

6.58 

722 

6.06 

698 

5.47 

i 

an  example,  were  examined  to  determine,  for  each  batch 
on  all  jobs,  the  maximum  and  minimum  values  of  varia- 
tion factor,  compressive  strength  and  percentage  varia- 
tion, and  flexural  strength  and  percentage  variation. 
These  values  were  then  averaged  for  each  job  on  the 
basis  of  batch  size  and  mixing  time.  The  results  of 
this  computation  are  given  in  Table  12.  A  final  con- 
densed summary  of  average  values  for  each  of  the  three 
jobs  is  given  in  Table  13. 

It  is  interesting  to  note  that  the  average  job  values 
of  the  cement  content  and  water  content  on  the  Wis- 
consin and  Arkansas  jobs  were  very  nearly  equal. 
The  specifications  for  the  Wisconsin  jobs  called  for  a 
minimum  cement  content  of  5  sacks  per  cubic  yard  of 
concrete  and  6  gallons  of  water  per  sack  of  cement; 
but  as  the  work  progressed,  it  was  found  that  less  water 
was  required  for  workability  than  was  anticipated, 
with  the  result  that  a  cement  content  of  slightly  more 
than  5  sacks  per  cubic  yard  was  obtained.  The  speci- 
fications for  the  Arkansas  project  required  a  minimum 
cement  content  of  5.40  sacks  of  cement  per  cubic  yard 
of  concrete  and  5.25  gallons  of  water  per  sack  of  cement; 
but,  because  of  the  extremely  high  temperatures  and 
low  humidity  experienced  during  much  of  the  time  of  this 
study,  more  water  was  required  than  the  engineer  had 
anticipated.  The  coarse  aggregate  used  on  the  Ar- 
kansas job  was  a  crushed  trap  rock,  while  the  coarse 

92185—32 2 


aggregate  used  on  the  Wisconsin  jobs  was  a  limestone 
gravel.  The  maximum  size  of  aggregate  on  all  three 
jobs  was  approximately  2}i  inches. 

Except  in  the  case  of  the  two  Wisconsin  jobs,  both 
of  which  used  the  same  brand  of  cement  and  the  same 
kinds  of  aggregate,  the  beam  and  cylinder  strengths 
are  not  really  comparable  one  job  with  another,  because 
different  kinds  of  aggregates  and  cement  were  used  on 
the  other  job. 

With  these  qualifications  in  mind,  it  may  be  said  for 
the  three  jobs  studied  that  the  data  on  uniformity  of 
mixing  and  resultant  strength  indicate  that  as  good 
concrete  can  be  produced  from  batches  at  least  as  large 
as  34  cubic  feet  as  from  batches  of  any  smaller  size 
between  27  and  34  cubic  feet,  when  all  solid  materials 
are  mixed  55  seconds  (i.  e.,  with  a  batchmeter  setting 
of  60  seconds).  They  also  indicate  that  where  State 
or  county  engineers  control  the  mix,  the  size  of  the 
batch  can  be  at  least  as  large  as  33  cubic  feet  and  still 
produce  equally  good  concrete  with  a  batchmeter 
setting  of  50  seconds,  or  an  actual  mixing  time  of  45 
seconds  for  all  solid  materials  in  standard  27E  mixers 
with  the  blades  and  buckets  in  fair  condition. 

Another  point  noted  in  the  course  of  this  work  was 
that  when  the  amount  of  water  per  cubic  yard  of  con- 
crete was  less  than  28  gallons  the  mix  was  so  dry  that 
the   finishing   operations   were   likely    to    be    delayed. 
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Table  9. — General  summary  showing  effect  of  size  of  batch  and  length  of  mixing  time  on  uniformity  of  mix  and  strength  of  concrete  mixed 
in  batches  of  30  cubic  feet  on  Stale-aid  project  '2926,  Sheboygan  County,  Wis.:  27 E  paver,  new;  aggregates,  good  limestone  gravel,  pit 
sand 


Part  of 

batch 

Proportions 

by  weight 

Aver- 
age 

-ample 

varia- 
tion 
factor 

Work- 
ability 
factor 
6,'6o 

Cylinders,  28 

■  lays 

Beams 

7  da 

ys 

Varia- 
tion 

28  days 

Mixing  time 

End  break           1  tenter 

break 

Gravel 

Saiel 

emeu! 

Water 

Strength 

Varia- 
tion 

Strength 

Strength 

Varia- 
tion 

Strength 

Varia- 
tion 

A 
B 

Center 
C 
1) 

Per 

cent 
53.  29 
51.9.8 
53.34 
52.  01 
52.  35 

Pa 

cent 

29  79 
30.  40 
29.37 

30  10 
30.30 

Per 
cent 

10.  96 
11.65 

11.  IX 
11.40 
11.  19 

Per 

CI  III 

5.97 
5.97 
6.  10 
6. 18 
6.  15 

Per 

cent 
3.  58 
3.24 
2.76 
2.76 
2.87 

0.757 
.738 

.754 
.734 
.  736 

Lbs.  per 

sg.  in. 
3,  804 
3,  683 

3,  787 
3,893 

4,  119 

Per 

cent 
7.52 
6.33 
3.27 
6.51 
6.  50 

Lbs.  per 

SI/      1  II 

570 

Per 
cent 
6.  17 

Lbs.  I>ir 
sg.  in. 

801 

Per 
cent 
5.43 

Lb",  per 
sg   in. 
794 

Pet 
cent 
4.99 

561 

587 

7.21 
8.04 

875 

807 

3.  62 

3.07 

844 
865 

3.07 
4.20 

52.59 
2.61 

30.  05 
2  91 

11.23 
3  37 

r,  08 
.;  28 

3.04 

.744 

3,857 

6.03 

573 

7.  14 

847 

4.04 

835 

4.09 

Batch  variation..                 percent 

A 
B 

( 'enter 
C 
1) 

52.45 
52.07 
55.61 
53.  22 
53.  OS 

30.  55 
30  62 
28,  06 
29  63 
30.  06 

11.07 
11.28 
10.  58 
11.11 
10.82 

5.92 
6.03 
5.74 
6. 03 
6.  03 

2.37 
3.  25 

5.01 
3.02 
3.08 

.741 
.  736 
.790 
.752 
.751 

4,007 
3,940 
3,557 
3,  899 
3,773 

5.  36 
7.70 
8  86 
s.  89 
5.23 

576 

6.28 

857 

4.95 

815 

4.  06 

587 
575 

3.80 
3.80 

825 
866 

3.86 
4.11 

s;t7 

875 

3.  16 

3.78 

53.  29 
2.80 

29  78 
3.59 

10.97 

2.87 

5  96 
4.19 

::  :■;.-, 

.754 

3,835 

7.21 

597 

4.  63 

849 

4.31 

842 

3.67 

A 
B 

(  'enter 

c 

D 

52  36 

52.  26 
54.56 
52.71 
51.77 

30.  21 
30   17 
28.  66 
29  96 
30.  60 

11.33 
11.42 
10  82 
11.  15 

11.40 

6.  12 
6.  14 
5.95 
6.  17 
fi.  23 

3.  76 

4.  19 
4.73 
3.  38 
2.41 

.742 
.  74(1 
.  775 
717 
.  733 

3,  906 
3,  S26 
3,  762 
3,844 
3,907 

5.48 
3.  65 
4.00 
3.  90 

5.45 

579 

3.62 

809 

2.18 

MS 

5.62 

566 

569 

3.32 

1.61 

806 

819 

4.00 
3.31 

819 
840 

3.  11 
3.  85 

\  \  eragc-..  .   . 
Batch  variation. . .          .   .per  cent 

52.  73 

3.  17 

29  92 

:;  68 

11.22 
3.86 

6.  13 

4.04 

3.69 

.747 

3,849 

4.49 

571 

2.85 

811 

3.  16 

826 

4.19 

| 

Table  10. — General  summary  showing  effect  o]  size  <>f  batch  and  length  of  mixing  time  on   uniformity  of  mix  and  strength  of  concrete 
mixed  in  batches  of  '■  >  cubic  feet  on  State-aid  project  2926,  Sheboygan  ( 'ounly,  Wis.;   ;',  ]•]  paver,  new;  aggregates,  good  limestone  gravel, 

pit  sand 


Part  of 
batch 

Proportions 

by  weight 

A  ver- 

age 

samnle 

\  ai  ia- 

t  ion 

factor 

Work- 
ability 
factor 

/,  /„. 

Cylinders,  28 

days 

Beams 

7  days 

28  days 

Mixing  time 

End  break 

Center  break 

(travel 

Per 

cent 

52.47 

53.00 

52.53 

52.19 

52.  52 

Sand 

I    elllenl 

Water 

Strength 

Varia- 
tion 

Strength 

Lbs.  per 
sg.  in. 
590 

Varia- 
t  ion 

Strength    Vjrta- 

Strength 

Lbs.  pet 

sg.  in. 

855 

Varia- 
tion 

A 
B 

(  'enter 
(' 
D 

Per 
cent 
29.  7:t 
29.61 
29.  65 
30  35 
30.06 

Per 
a  tit 
1 1 .  7:i 
11.40 
11.71 
1 1 .  23 
11.35 

Per 
cent 
6.07 

5.  97 
(i.  10 
li.  22 

6.  06 

Pei 

cent 
2.  38 
3.81 

2.  96 

3.  35 
3.  52 

0.  743 
.752 
.744 
.737 
.743 

Lbs  i><  1 

sg.  .'». 

1,080 

3,  857 

3.611 

3.  703 

4.  026 

Per 
Ct  nl 

6.  69 

7.  18 
c.  28 
li.  94 
5  13 

Per 
cent 
2.71 

Lbs   pn       Per 
sq.  in.    1    cenl 
859         2.61 

Per 
cent 
4.  16 

617 
596 

4.75 
4.93 

833 
840 

4.28 
4.53 

s;(s 
7sr, 

2.96 
4.89 

Average.  .                   

52.  54 

2.51 

29  ss 
3.  23 

11.48 
3.47 

6.  09 
3.61 

3.  2(1 

.  711 

3.  S55 

6.50 

601 

4.13 

844 

3.81   1          826 

4.  06 

A 
B 

Center 
C 
1) 

A 
B 

Center 

c 

I) 

60  seconds. . 

54.  30 

53.  68 

54.  97 
53.  4 1 
53.  44 

23.  79 
29,  13 

28.  14 

29.  34 
29  34 

11.  15 
11.39 
11.03 

11.21 
11  30 

5.  76 

5.  79 
5.84 

6.  03 
5.91 

2  03 

2.67 
3.60 
1    12 
2.  17 

.773 
.  765 
.780 
.  75S 
.  760 

4,  049 
3,  983 
3,  654 
3.759 
3,  740 

12.  11 

580 

4.91 

839 

3.  15  |           852 

4.35 

7.  10 
7.  02 
5.  67 

590 

574 

3.  64 

4.  32 

836 

S22 

5.48  .           862 
3.36  '          828 

3.(0 
5.  80 

■    \~~~ 

Batch  variation.                  per  cent 

2.35 

28,  95 
3.  11 

11.21 
2.59 

5  s7 
3  85 

2.9S 

.767 

3,  S37 

7.  53 

581 

4.29 

832 

4.00 

847 

4.59 

80  seconds— .    . 

52.  94 

52.  9  i 
53.66 
.54.  99 

53.  68 

29.  69 
29.  39 
29  22 

28.  13 

29.  10 

11.44 
11.69 

11.  17 
11.03 
11.42 

',  112 
5  9  i 
5.  95 
5.84 
5.  so 

3.  63 
3.  59 

2.  (is 
5.31 
5.15 

.  753 
.752 
.762 
.  782 

.  7t;.r> 

4.090 
1,014 

3,518 
3,  579 
3,  603 

8.81 

594 

4.47 

822 

4.85 

839 

4.05 

6.  95 

7.  33 

4.60 

571 
530 

(i.  7:i 
1.83 

839 
S26 

4.70 
2.01 

884 

948 

7.  33 
5.  95 

Average. . . 

53.65 
3.55 

29.  11 
l  38 

11.35 
1.  36 

5.  89 
4.01 

4.07 

.  763 

3,761 

0.90 

582 

5.34 

829 

3.85            843 

5.70 

Hatch  variation. .                  per  cent 

Furthermore,  workability  ratios  (b/b0)  above  0.85  for 
gravel  and  0.75  for  stone  proved  to  be  in  general 
undesirable,  in  that  there  was  too  much  coarse  aggre- 
gate in  the  mix  for  the  present  method  of  placing  and 
finishing,  a  condition  which  tends  to  delay  the  finish- 
ing operations.  The  data  also  seem  to  indicate  that 
there  is  a  fairly  close  relationship  between  the  cement 


and  water  contents  and  the  resulting  compressive  and 
transverse  strengths. 

Variations  within  a  batch  can  not  he  entirely  elimi- 
nated by  mechanical  mixing,  no  matter  what  the  size 
of  the  batch  or  the  length  of  the  mixer  cycle.  That 
this  is  so  becomes  .apparent  when  one  considers  that 
the  distribution  of  the  particles  of  aggregate,  cement. 
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Table  11. — Effect  of  size  of  batch  and  length  of  mixing  time  on 
uniformity  of  mix  and  strength  of  concrete  mixed  in  batches  of 
SO  and  S3  cubic  feet  on  Slate-aid  project  2926,  Sheboygan 
County,  Wis. 


Mixing  time 


50  seconds. 
60  seconds 
80  seconds. 


Genera]  a\  erage 
Both 


Batch 

size 


( •llllll 
hit 
30 
33 
30 
33 
30 
33 
30 
33 


Compres- 
sive 

strength 
of  cj  lin- 
ders  at 
28  days 


Lbs.  per 
sq.  in. 
3.  857 
3,  855 
3,835 
3,  837 
3,849 
3,761 
3,  847 
3,818 
3,  832 


Modulus 
of  rupl  ure 
at  28  days 


Lbs.  pi  r 
sq.  in. 
S4I 
835 
846 
840 
sis 
836 
835 
837 
836 


\  v  erage  \  ai  ml  ion 

Cylinders 

Beams 

/'< i  if  /// 

tii  <  <  ai 

6.  i):-; 

4.07 

6.  50 

3.  94 

7.21 

3,  99 

7.  58 

4.  30 

4.49 

3.67 

6.90 

4.7s 

5.  91 

3.91 

6.  99 

4.  34 

6.  45 

4.  12 

Variation 
factor 
within 
batch 


Per  cent 

3.  04 
3.  2(1 
3.  35 

2  lis 
3.  69 
4.07 
3.  36 
3.  12 

3  39 


and  water  wit'  in  the  batch  is  xwy  largely  a  matter  of 
chance.  Consequently,  a  point  is  soon  reached  at 
which  the  mixing  action  during  each  instant  displaces 
as  many  particles  from  their  proper  positions  as  are 
rightly  placed.  After  this  point  is  reached,  further 
mixing  is  evidently  a  useless  expense  in  so  far  as  secur- 
ing greater  uniformity  is  concerned. 

Figure  5  shows  a  badly  segregated  hatch.  Though 
this  is  not  a  typical  condition,  the  photograph  is  pre- 
sented to  point  out  the  extent  to  which  variation  some- 
times takes  place  within  a  hatch.  This  variation  is 
largely  present  as  the  hatch  is  discharged  from  the 
mixer  drum,  and  then  a  further  segregation  seems  to 
occur  while  the  concrete  is  discharged  from  the  spreader 
bucket.  Mixer  manufacturers  each  year  have  been 
improving  the  spreader  bucket  from  the  typical  box- 
shaped  bucket  of  a  few  years  ago  to  the  present  oblong 
bucket  designed  to  eliminate  a  greater  part  of  this  further 


Figure  5. — The  Last  Cubic  Foot  of  Concrete  Discharged 
from  Any  Make  of  Mixer  has  a  Predominance  of 
Coarse  Aggregate.  The  Design  of  Mixer  Spreader- 
I'.i  ckets  also  Affects  Segregation.  The  Results  of 
these  Two  Effects  Caused  a  Batch  to  Appear  as  Shown 

segregation.  The  two  types  of  bucket  are  shown  in 
Figure  (i. 

In  all  pavers  which  have  been  observed,  not  only  on 
these  jobs  but  also  on  hundreds  of  other  jobs,  the 
last  one-half  to  1  cubic  foot  of  material  discharged  from 
the  mixer  drum  litis  a  predominance  of  coarse  .aggre- 
gate. It  is  recommended,  therefore,  that  during  con- 
tinuous operation  about  a  cubic  foot  of  concrete  always 
be  retained  in  the  drum  to  eliminate  this  trouble. 

In  Table  14  values  of  the  variation  factor  within 
batch  and  of  the  variation  in  strength  of  cylinders  are 
tabulated  for  each  batch  on  Wisconsin  State-aid  project 
2926.  The  data  are  arranged  to  bring  out  any  differ- 
ences in  the  magnitude  of  these  variation  factors  which 
may  be  traceable  to  the  use  of  varying  sizes  of  batch 


Table  12. —  Values  of  maximum  and  minimum  variation  factor,  compressive  strength,  and  flexural  strength  fur  each   batch,  averuged  for 

iiieli   iiih  an  the  hosts  of  hatch  size  and  mixing  lime 


c 

ylinders 

,ii  28  days 

Beams  al  28  d 

i\  s,  end  break 

Beams 

at  28  days,  center  break 

Varii  tion  factor 

within   Ii:  ll'll 

Batch 

M  ixing 

Strength 

Vari 

tion 

St  rent  I  i 

\  ari 

.tion 

Strength 

\  ariation 

si/e 

time 

Mini- 

Maxi- 

Mini- 

Maxi- 

Mini- 

.Maxi- 

Maxi- 

AI ini- 

Maxi- 

.\, illi- 

Maxi- 

Mini- 

Maxi- 

M ini- 

mum 

mum 

mum 

mum 

mum 

mum 

mum 

mum 
Lbs.  per 

mum 

nium 

mum 

mum 

mum 

mum 

Lbs.  per 

Lbs.  per 

Lbs.  per 

t.l'S     liil 

Lbs.  pei 

l  'ii    II 

Seconds 

I'l  1    CI  III 

l'i  i  cent 

sq    i  ii 

SI/.     Ill 

Per  cent  Pi  r  a  ul 

sq.  in 

SI/.     III. 

/',  /   CI  nl 

/',  i  it  nl 

sq    in 

SI/       1  II 

/',  ,  r,  /,/ 

/',  ,    CI  III 

i         •'- 

60 

7.  71 

1.40 

3.551 

3,  (Li 3 

8.  39 

1.25 

954 

851 

6.  84 

2.24 

932 

846 

li   115 

2.  mi 

Wisconsin  State-aid  projecl   2926, 

30 

60 

9.  72 

1 .  99 

3,  733 

2,921 

14  its 

2  23 

901 

819 

5.  38 

1.21 

9(18 

799 

7.49 

3.  33 

33 

60 

8.  79 

1.92 

3.  823 

3,  203 

10  35 

2.  07 

95(1 

846 

6.44 

1.24 

976 

840 

II  01 

3.  27 

60 

9.  06 

1.66 

3,488 

2.  751 

14.  211 

1.91 

921 

833 

5.  85 

1.  57 

946 

H26 

7,  26 

1    37 

1          27 

60 

5.  '.7 

I. 60 

4,  (129 

3,  151 

1  5.  83 

1.  411 

911 

824 

5   54 

1.20 

'.1(19 

Mill 

7,38 

2    19 

Wisconsin  Stale-aid  project  2926, 

30 

(ill 

7.  75 

1.  16 

4,086 

3,  23(1 

13.  59 

1 .  35 

961 

Sill 

6.  44 

1.8(1 

968 

849 

7.  90 

3.  19 

new  paver  

33 

60 

6.  26 

1.44 

1.269 

3,  545 

10.38 

1.  1(1 

952 

871 

5.  29 

I  us 

928 

826 

6.  83 

2.  29 

1         35 

60 

7.  13 

1.39 

4,215 

3.  171 

11.44 

1.31 

982 

863 

7.  in 

2.4  7 
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850 

6  82 

2.  4  1 

1         2' 

t.ll 

111.  87 
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3,  187 

12.76 

1.69 
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Ml 

i,  68 
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Si  5 
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Wisconsin  State-aid  project  2916. 

30 

60 

9.  1 1 
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4,090 
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876 

5.  69 

1.92 

'.135 

SiO 
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1         33 

60 

6.34 
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60 
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2   22 
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2   39 
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877 

1,51 
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1          27 

60 

6.  28 

2.02 

3,  942 

3,  228 

10.87 

2.  Hi 

883 

784 

6.  85 

1.91 

919 

792 

8.  51 

2,  13 

Wisconsin  State-aid  project  2916, 

30 

60 

5   75 

1.93 

3.  932 

3,380 

8.84 

.  56 

902 

786 

8.  19 

2   111! 

927 

792 

9.  28 

2.91 

1   8 

60 

60 

6.  lid 
6.  19 

1.60 
2,  (13 

3.  859 

1.  122 

3.  152 
3,356 

11.52 

12.  72 

2.  35 
1 .  98 

908 

906 

790 
769 

7.86 
9  71 

2.  74 
4.31 

915 
N69 

7.HI 
759 

9.  20 
7.  '.15 

2.  76 

2,  11 

|        30 

I         30 

."ill 

4   96 

1.  39 

4,262 

3,  490 

10.  63 

2.  18 
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6.  06 
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6.  13 
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5.  70 

1.41 

4.296 

3.  31  IS 
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899 

803 

6.  4H 

1.93 

SSI 

799 
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l.lil 

80 
50 

6.00 
5.15 

:.  097 
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11.(11 
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1   7", 

1   32 

N71 

775 

ii  29 

96 

I         30 
1        33 

1.  71 

1.98 

S.S'.I 

MM 

5.  71 

1.33 
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784 

5.80 

1.19 
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33 

60 

5.  30 

111 

1,389 

3,  358 

15.29 

1 .  79 

876 

785 

5  99 

1.  15 

889 

798 

6.  88 

2.  .35 

new  paver. . . 

1       33 

80 

7,22 

1.31 

4.  147 

3.319 

13.33 

1.  67 
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7S| 

5  7s 

1.  id 

Will 

776 

8.  14 

2.  33 

(        -" 

60 

7.  74 

2   1.7 

l.s:',l 

4,311 

5.7(1 

5.  76 

775 
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10.78 

1   50 

755 

1,51 

7.  56 

1.62 

30 

111) 

9  27 

3.  (10 

4.832 

4,249 

7.  (Ill 

7,  00 
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637 

9,77 
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733 

637 

s.  Oil 

2,  1  8 

Federal-aid    project  259-A,   Jetter- 

I         32 

fill 

7  117 

1.  96 

5.  731, 

3,  170 

5.  15 

5.  15 
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I   63 
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34 

60 

6  711 
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i  83 

1.83 
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Table  13. — Final  summary  of  average  value*  for  the   Wisconsin 

and   Arkansas  jobs 


Item 


Number  of  batches  sampled 

Proportions  by  weight,  per  cent: 

( 'o  use  aggregate 

Sand 

Cement 

\  iriation  factor  within  batch,  percent.-. 

(  i  incut  content ,  sacks  per  cubic  yard 

Water  content,  gallons  per  sack  of  cement 
Ratios  by  absolute  volume: 

a  <  (sand  to  cement) 

/.  >i  (gravel  to  sand) - . 

Who  (seep.  275) 

Mix  by  weight: 

Sand 

<  'oarse  aggregate 


AVERAGE  STRENGTH   DATA 

Compressive  strength  of  cylinders  at  28  days,  pounds 

per  square  inch 

Variation,  per  cent 

Flexural  strength  of  beams  in  pounds  per  square  inch 

At .7  days.. 

Variation,  per  cent 

End  break  at  28  days 

Variation,  per  cent 

Center  break  at  28  days... 
Variation,  per  esnt 

SIEVE  ANAI  VSIS 

Percentage  retained  on — 

inch 

j^-inch 

3-i-inch --. 

J4-inch 


Wiscon-  Wiscon- 
sin .State-  sin  State- 
aid  pro;-  aid  proj- 
ect 2926  ect  2916 


Federal- 
aid  proj- 
ect 259-  A, 
Jefferson, 
Co.,  Ark. 


MAXIMUM  AN!)  MINIMUM   VALUES' 

Maximum  cement  content,  sacks  per  cubic  yard 

Minimum  cement  content,  sacks  per  cubic  \  ard 

Maximum  water  content,  gallons  per  sack  ol  cement. 

Minimum  water  content,  gallons  per  sack  of  cement. 

Strength  of  cylinders  at  28  days  in  pounds  per  square 
inch: 

Maximum 

Minimum  

7-day  beam  strength  in  pounds  per  square  inch: 

Maximum 

Minimum 

28-day  beam  strength  in  pounds  per  square  inch: 

End-break  maximum 

End-break  minimum 

Center-break  maximum 

Center-break  minimum 


118 

52.  56 

30.  11 

1 1.  35 

5  9  7 

3.  90 
5.  16 
5.  96 

3.02 
1.72 
.746 

2.  67 

4.  67 


3,  046 
6  33 

598 
4.  55 

872 
4.  03 

see, 
1.  70 


4 
14  8 
44.3 
36.  9 


5.49 
4.83 
6.  38 
5.  58 


4,  031 
3,  266 

033 
562 

Of  9 
820 
919 
814 


80 

52.11 
30.34 
11.28 
5.  73 
I  37 
5.  18 
5.81 

3.03 
1.72 
.  750 

2.71 

I  i  8 


3,  072 
5  66 

595 

4.70 
877 

a.  22 
868 

I  95 


3.6 
13.  0 
38.  1 
44.6 


5.64 
4.69 
0.55 
5.15 


4.012 
3,325 

031 
500 

034 
819 
918 
810 


44 

48.56 
33.  40 
11.78 
6.  ni 
4.75 
5. 19 
5. 82 

3.38 
1.45 
.751 

2.86 
4.  18 


5,  039 

5.  89 

070 

r,  56 

723 

6.  04 
098 

5.  4S 


21.  1 
56.  3 
22.6 


5.  72 

4.  63 

6.  69 

5.  12 


5,  323 
1,756 


737 
021 


779 
073 
748 

04S 


1  Averages  of  maximum  and  minimum  values  obtained  on  each  batch. 

or  to  differences  in  the  performance  of  the  old  and  new 
pavers.  It  is  apparent  from  an  inspection  of  this 
table  that  no  definite  relation  can  be  established  be- 
tween size  of  batch  and  batch  uniformity  or  uniformity 
of  breaking  strength.  It  is  also  evident  that  the  uni- 
formity values  given  by  the  old  mixer  are  of  the  same 
order  as  those  given  by  the  new. 

STOP-WATCH  STUDIES  ANALYZED 

The  data  regarding  the  distribution  of  the  materials 
obtained  on  these  jobs  by  means  of  the  separation  or 
wash  analyses  and  the  data  on  breaking  strength  of 
both  beams  and  cylinders  indicate  rather  clearly  that, 
when  two  or  more  sizes  of  coarse  aggregates  are  used, 
the  modern  27E  paver,  in  good  condition,  will  mix  a 
35-cubic-foot  batch  to  as  high  a  degree  of  uniformity 
as  it  will  a  27-cubic-foot  batch,  and  that  the  strength 
of  the  concrete  from  the  larger  batch  will  be  equally 
as  good  as  that  from  the  smaller.  This  does  not  prove 
that  the  larger  batch  will  always  be  the  most  econom- 
ical. While  theoretical  considerations,  as  well  as  the 
unit  prices  of  the  successful  bidders  on  the  two  Wis- 
consin projects,  indicate  a  certain  advantage  for  the 


Figure  6. — Upper  Photograph  Shows  Typical  Spreader- 
Bucket  Design  Used  on  old  Pavers.  Below  is 
Shown  New  Design  of  Spreader  Bucket  for  1930 
and    1931    Pavers 

larger  batch,  these  are  not  conclusive,  as  is  shown  by 
the  fact  that  several  bidders  bid  the  same  price  for  all 
of  the  proposed  batch  sizes.  Very  careful  and  detailed 
production  studies  were  made  on  these  jobs  in  order  to 
obtain  some  actual  data  as  to  what  effect  the  use  of  the 
larger  batches  might  have  on  the  rate,  of  production. 
These  included  daily  stop-watch  studies  of  the  mixer 
for  1  hour  in  the  morning  and  1  hour  in  the  afternoon 
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Table  14. — Degree  of  nonuniformity  in  mixing  and  variation  in 
breaking  strength  of  standard  cylinders,  as  shown  by  data  obtained 
on  Wisconsin  State-aid  project  2926.  Averagt  values  are  guru 
jUr  lire  samples  and  five  cylinders  from  each  batch 

OLD  MIXER 
[Size  of  hatch  in  cubic  feet] 


27 

30 

33 

35 

Batch 

Cylinder 

Batch  Cylindei 

Batch 

t  !j  linder 

Batch 

Cylindei 

variation 

varia- 

varia- 

\ aria- 

varia- 

\ al  la 

varia- 

varia- 

tion 

tion 
Per  cent 

l  ion 

Per  cent 

tion 

tion 
Per  cent 

tion 

tion 
Per  cent 

Per  cent 

Per  cent 

Per  cent 

/'(  1    :',  III 

2.91 

5.34 

3.81 

4.59 

5.20 

4.  05 

6.48 

7.63 

5.40 

6.  11 

5.  79 

8.38 

5.10 

4.79 

3.32 

4.32 

2.17 

4.  15 

4.98 

5.21 

6.12 

8.38 

8.41 

2.65 

4.00 

3.50 

9.  33 

11.27 

6.52 

5.29 

5.49 

5.23 

5.61 

8.06 

4.61 

3.62 

5.68 

5.08 

3.32 

6.  69 

2.78 

3.25 

4.33 

9.16 

1.43 

3.83 

4.  99 

3.36 

2.92 

5.89 

7.72 

4.77 

4.53 

6.47 

3.49 

7.92 

3.17 

1.51 

5.47 

5.97 

5.83 

8.22 

3.83 

6.  72 

6.60 

5.11 

2.75 

11.80 

4.25 

4.28 

2.03 

13.63 

Av.  3.  95 

4.77 

5.42 

7.20 

4.96 

5.66 

4.59 

6.47 

NEW  MIXER 


4.13 

5.67 

4.38 

6.57 

3.86 

4.04 

3.80 

6.25 

3.69 

5.91 

4.13 

4.65 

2.54 

3.55 

5.65 

6.19 

2.86 

5.90 

4.30 

4.15 

2.45 

4.59 

3.21 

4.86 

4.56 

2.75 

2.89 

4.7(1 

2.09 

4.96 

3.02 

7.60 

4.73 

6.70 

4.01 

13.41 

5.  11 

10.22 

2.51 

2.64 

2.74 

14.  51 

3.  67 

4.77 

4.49 

5.  27 

3.28 

4.20 

2.03 

10.43 

2.  90 

5.05 

4.  62 

5.35 

5.21 

4.06 

2.63 

3.43 

1   18 

li.  80 

4.31 

7.  98 

3.08 

6.36 

2.79 

7.03 

6.  65 

10.59 

4.  11 

1.  2(1 

2.09 

6.95 

4.59 

12.50 

2.38 

6.78 

2.21 

7.  90 

5.54 

9.34 

Av.  3.48 

7.48 

3.98 

6.75 

3.58 

5.81 

3.74 

5.84 

to  determine  both  the  average  mixer  cycle  and  the 
duration  and  cause  of  all  time  losses  or  interruptions 
to  continuous  mixer  operation.  During  the  stop-watch 
studies  the  time  in  seconds  required  to  raise  the  skip, 
the  time  to  mix,  and  the  time  from  the  bell  to  the 
instant  the  skip  began  to  rise  for  another  cycle,  were 
determined.  If  an  interruption  occurred  at  any  point 
in  the  mixer  cycle,  the  duration  and  the  cause  of  each 
stop  or  delay  were  recorded.  If  the  delay  or  stop  was 
15  minutes  or  more  in  duration  it  was  classified  as  a 
major  delay,  and  if  it  was  less  than  15  minutes  it  was 
classified  as  a  minor  delay. 

Auxiliary  stop-watch  studies  were  also  made  of  tbe 
several  component  parts  of  the  mixer-operating  cycle 
and  included  the  following:  Time  to  raise  the  skip;  the 
instant  the  water  and  solid  materials  began  to  enter  the 
mixer  drum,  the  time  required  to  discharge  the  water 
and  solid  materials  into  the  drum;  the  time  from  the 
instant  the  skip  reached  a  vertical  position  until  the 
batchmeter  bell  rang;  the  time  from  when  the  bell 
rang  until  the  instant  the  concrete  appeared  in  the 
discharge  chute;  the  time  to  discharge  the  concrete;  the 
time  from  the  bell  until  the  skip  again  started  up;  and 
finally,  the  revolutions  of  tbe  mixer  drum.  The  mixer 
drum  was  also  carefully  watched  for  overloading,  spill- 
age, leakage,  clogging,  possible  retarding  of  the  mixer 
drum  speed,  and  the  appearance  of  the  batch  in  the 
mixer  drum  (whether  it  appeared  to  be  uniformly 
mixed,  etc.).  A  careful  check  was  made  each  day  of  the 
contractor's  personnel,  unit  costs,  amount  of  concrete 
placed,  yield,  etc. 

EFFICIENCY  OF  PLANT  AND  EQUIPMENT  STUDIED 

In  order  to  fix  definitely  the  casues  of  such  delays  as 
occurred  or  were  anticipated,  the  auxiliary  equipment, 
such  as  the  cranes,  batcher  bins,  and  finishing  machines, 
were  studied  to  determine  their  relation  to  the  rate  of 


Figure  7. — Plant  Set-up  Used  on  .State-Aid  Project 
2916,  Sheboygan  County,  Wis.,  on  which  Three 
Sizes  of  Coarse  Aggregate  and  One  of  Sand  were 
Used.     Materials  Used  were  Delivered  by  Rail 

production.  Views  of  the  plant  layouts  on  the  two 
Wisconsin  jobs  are  shown  in  Figures  7,  S,  9,  and  10. 
Figure  11  shows  the  type  of  1927  Model  27E  paver 
used  on  the  Wisconsin  jobs.  The  contractors  on  these 
two  jobs  each  had  old  pavers  of  this  type  when  the  pro- 
jects were  started.  As  soon  as  the  different-sized  batches 
had  been  studied  in  regard  to  quality  tests  and  produc- 
tion on  the  old  pavers,  new  1930  Model  27E  pavers 
were  loaned  by  the  manufacturers  for  similar  studies. 


Figure  8. — Typical  Plant  Set-up  Used  on  State-Aid 
Project  2926,  Sheboygan  County,  Wis.  Materials 
Hauled  in  by  Truck  from  a  Local  Pit.  Coarse 
Aggregate  Separated  in  Three  Sizes 

production  rate  of  new  pavers  shows  substantial 
increase  over  old  type 

On  the  old  mixers  a  2}2-inch  strip  of  metal  was  placed 
around  the  back  part  of  the  spreader-buckets  to  increase 
their  carrying  capacity.  Even  with  this  extra  metal 
strip  it  was  found  that  the  35  cubic-foot  batches  could 
not  be  discharged  in  one  operation.  As  a  consequence, 
double  discharge  had  to  be  used  for  the  35-cubic-fool 
batches,  which  proved  to  be  uneconomical.  However, 
if  the  spreader  buckets  had  been  slightly  larger  a  saving 
could  have  been  made  by  using  the  larger  35-cubic- 
foot  batch.       No  alterations  had   to   lie  made  on  the 
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spreader  buckets  of  the  new  pavers  in  order  to  carry 
the  35-cubic-foot  batches, which  the  new  pavers  could 
handle   with   ease. 

The  mixer  drums  of  both  the  old  and  new  pavers  mixed 
up  to  35-cubic-foot  batches  without  spillage,  leakage, 
or  clogging.  The  computed  values  given  in  Table  15 
were  made  from  measurements  of  the  mixer  drum  to 
illustrate  the  theoretical  carrying  capacity  of  the  old 
and  the  new  pavers  when  used  on  Level  grade  and  on  a 
6  per  cent  grade. 


Figure  9. — Methods  of  Handling  Hi  i.k  Cement  <>n  Wis- 
consin State-Aid  Projects  2916  and  2926 

Table   15. — Computed  capacity,  in  cubic  fret,  of  mixer  drums  of 

old  inn!  urn-  27E  I'iui  rs 


Old  paver:  6  blades,  6  buckets. 
boom  bucket,  capacity,  36  ;i 
cubic  feet  

New  paver:  5  blades,  10  buck- 
ets; boom  bucket,  capacity, 
42  cubic  feet 


Total 
volume 
content 


94  75 
100.  18 


Water  f^Ji  Work- 
buck-      „lnf 


level 
con- 
tent. 
level 
grade 


ets  and  , 

blades, 

level 


25  M 
28  50 


level 


ide    erade 


11.00 
10.20 


36.84 
38.50 


\\  alia 

le\  el 
con- 
tent, 
6  per 

cent, 
grade 


22.00 
24.60 


( 'a  1 1 ac 

ity  of 
buck- 
ets and 
blades, 
6  per 
cent 
grade 


11.00 
10.20 


Walk- 
ing 
con- 
lent  nn 
6  per 
cent 
grade 


33.  20 

34.  80 


The  larger  batch  sizes  increased  the  mixer  cycle 
slightly  because  of  the  longer  time  required  to  discharge 
the  batch  from  the  drum  and  the  longer  time  required 
for  the  materials  to  discharge  from  the  skip  into  the 
mixer  drum.  Tables  16  and  17  show  the  actual  average 
mixer  cycles  as  determined  by  the  stop-watch  studies 
for  it  batchmeter  setting  of  (i()  seconds,  as  most  generally 
used  on  the  two  Wisconsin  jobs,  together  with  the  effect 
of  the  various  batch  sizes  on   the  maximum  possible 


rate  of  production.  Tables  18  and  19  show  the  same 
data  on  the  basis  of  actually  mixing  all  the  solid 
materials  for  either  50  or  60  seconds.  It  should  be 
noted  that  the  mixing  time  of  the  concrete  does  not 
terminate   wdien   the   batchmeter  rings   but  continues 


Figure  10. — Local  Pit  Plant  Layout  Equipped  for  Pro- 
ducing Three  Sizes  of  Coarse  Aggregate  for  Wis- 
consin State-Aid  Project  2926 

until  the  concrete  appears  in  the  discharge  chute.  This 
time  interval  is  usually  termed  the  discharge  lag. 

Allowance  should  be  made  in  the  batchmeter  setting 
to  take  care  of  this  lag.  In  setting  the  batchmeter  the 
following  formula  should  be  used: 

A+B-C=D 

where  A  is  the  mixing  time,  B  the  lag  of  the  solid  mate- 
rials after  the  skip  reaches  the  vertical  C  the  discharge 
lag  from  the  bell  to  the  appearance  of  the  concrete  in 
the  discharge  chute,  and  I)  the  batchmeter  setting  in 
seconds.     The  water  added  at  the  paver  should  enter 


Figure   1 


\  Kit     1'SED    ON 


Wisconsin  State-Aid  Projects  2916  and  2926 

the  paver  drum  about  1)4  seconds  before  the  solid 
materials  (aggregate  and  cement)  and  lag  after  the 
solid  materials  no  more  than  10  seconds.  This  com- 
bination of  lags  will  result  in  more  efficient  charging  of 
the  materials  and  will  keep  the  throat  of  the  mixer  clear, 
as  well  as  the  blades  and  buckets. 

There  is  also  a  mixing  action  in  progress  on  a  con- 
siderable portion  of  the  batch  while  the  drum  is  being 
both  charged  and  discharged.  This,  however,  is  en- 
tirely omitted  in  determining  the  length  or  duration  of 
the  mixing  time. 

The  difference  in  the  mixer  cycles  between  the  old 
paver  and  the  new  paver  was  found  to  be  surprisingly 
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Table   16. — Analysis  of  production   of  3-year  old    ?7E  paver  as     Table  20.      Corn  pur/son   of  rales  of  production    oj  old   on, I   new 
affected  by  batch  size,  with  tin  batch/meter  setting  at  60  seconds  27E  pavers 


Batch  size  (cubic  feet.) 

27 

:i() 

33 

Mixer  cycle,  seconds ._ 

74. !K) 
48.  hi; 

76 

47.  37 

1.43 

52  63 

9.5 

77    14 

Possible  batches  per  hour. -   . 

4fi  117 

Percentage  decrease  in  batches  per  hour  due  to  batch  size 

■_.    y, 

Possible  cubic  yards  per  hour      .        

18.06 

57    III 

Percentage  net  increase  in  possible  production  due  to  batch 
size 

IS  7 

Table  17. — Analysis  of  production  of  new  27E  paver  as  affected 
by  batch   size,    with   the  hotel/ meter  sitting  at   HO  seconds 


Batch  size  (cubic  feet) 


Miter  cycle,  seconds 

Possible  batches  pel  houi 

Percentage  decrease  in  batches  per  hour  due  to 


Possible  cubic  yards  per  hour... 
Percentage  net  increase  in  possible  production  due 
to  batch  size 


68.  fit) 
52.  48 


30 


68.  60 

52    is 


52   is 


58.31 
11.  1 


69.16       fill.  77 
52.05       51.60 


.82         1.70 

63  62       fiti.  87 


Table   IS 


Analysis  of  production   of  S-year  old 

affected,  by  batch  size  and  mixing  time, 


27  E 


pan  r    os 


Batch  size  (cubic  feel ) 


Mixing  time  of  all  solid  materials,  sec- 
onds  

Mixer  cycle,  seconds  .  ...         


30 


60 

7fi 


il.lf 


batches  per  hour 47.  37 

TCcntage  decrease  in  possible  batches 
pet  bout  due  to  batch  size,  based  on  a 

27-cubic-foot  batch 

issible  cubic  yards  per  hour 

■rcentage  net  increase  in  possible  pro- 
duction due  to  batch  size,  based  on  a 
27-cubic-foot  batch  mixed  60  seconds 


47.37 


fid 
77.  82 
16.  26 


2  34 

51.  40 


33 

27 

50 

fiti 

54.  54 

60 
79.  69 
45.  18 

4.66 
55.  22 

54.54 

16.  6 

15.2 

50 

67.  82 
53.  08 


2.  US 
59 


50 
69.  69 
51   66 


5.  28 
63.  15 


24   6        33.3 


Table  19. — Analysis  of  prod  action  of  new  27E  paver  as  affected 
by  batch  size  and  mixing  time 


Batch  size  (cubic  feet) 27 


Mixing  time  of  all  solid  materials, 
(seconds) ... 

Mixer  cycle  (seconds) ... 

Possible  batches  per  hour... 

Percentage  decrease  in  possible  batches 
per  hour  due  to  batch  size,  based  on  a 
27-cubic-foot  batch 

Possible  cubic  yards  per  hour 

Percentage  net  increase  in  possible  pro- 
duction due  to  batch  size  and  mixing 
time,  based  on  a  27-cubic-foot  batch 
mixed  60  seconds 


60 

69.  45 
51.84 


51    si 


30 


60 

7ii  69 
50.  93 


1.75 
56.  59 


60 

71.89 

50.08 


3.  4(1 
61.21 


50 

59.  45 

60.  55 


30 


50 

60.  69 
59.  32 


2.02 
65.  93 


33 


50 
61.89 

58.  17 


3.  92 
1 1 .  09 


large.  Because  of  this  shorter  mixing  cycle  alone,  it  is 
possible  to  obtain  an  increase  of  10  per  cent  or  more  in 
production  by  using  the  new  pavers.  This  fact  is 
brought  out  by  the  data  given  in  Table  20. 

Because  of  the  shorter  mixing  cycle  and  the  better 
mechanical  condition  of  the  new  paver,  its  actual  ad- 
vantage in  effecting  increased  production  was  even 
greater  than  indicated  above.  The  actual  average 
hourly  rates  of  production  on  Wisconsin  State-aid 
project  2926  from  the  old  and  the  new  pavers  for  each 
batch  size  during  the  period  of  the  studies  are  given  in 
Table  21. 

AUXILIARY  EQUIPMENT   KEPT  PACE  WITH  PAVERS 

During  the  time  when  the  50-second  mixing  time 
and  the  33-cubic-foot  batches  were  used,  the  finishing 
machine  and  finishing  operations  could,  and  did, 
readily  keep  up.  This  is  true  as  well  for  the  other 
auxiliary  operations.  This  combination  of  mixing  time 
and  batch  size  did  not  therefore  require  more  equip- 
ment or  larger  equipment.     The   rate   of  production 


Size  of  batch  (cubic  feci ) 

27 

30 

33 

fin 

III.  Ill 
127.65 

10.8 

27 

30 

33 

Mixing  time  of  all  solid  materials 
(seconds) 

fill 

119.83 

109.50 

9.  1 

60 

130.81 
118.82 

10.  1 

■Ml 
111) 
126   HI 

11.0 

50 

50 

Possible  production  per  hour  foi 
new  paver  (square  feet) .. 

Possible  production  per  hour  for 
old  paver  (square  feet) . .  

Percentage   increase   in    possible 
production  with  new  paver... 

152.  tt 
136  39 

II. s 

164   .:. 
12.fi 

Table  21. — Average  howly  rales  of  prod  action  on  Wisconsin 
job  2916  obtained  with  old  and  new  pavers,  for  a  60-second 
setting  of  batch  meter 


Square  \  ard:  pei  bout 

Percent  age 
increase 

Size  ol  batch 

Old  paver 

New  pax  er 

over  old 

paver  using 

27-cubic 

foot  batch 

27  cubic  feet 

MO  cubic  feet 

33  cubic  (eet   ... 

35  cubic  feet...  ...   . .  . 

188.  1 
218.  5 
222  5 

217.2 

257,  6 

260 

271 

15.5 

36.  '.I 

37.  3 
It    1 

was  still  well  within  the  capacity  of  the  other  coordi- 
nating units  with  no  particular  increase  in  labor  or 
equipment.  It  seems  likely,  however,  that  a  greater 
output  than  that  now  possible  with  the  33-cubic-foot 
batch  mixed  50  seconds  will,  under  present  methods 
of  operation,  require  additional  or  larger  equipment. 

On  the  basis  of  this  investigation  the  State  of  Wis- 
consin is  now  permitting  the  use  of  a  33-cubic-foot 
batch  and  a  50-second  mixing  time  for  all  the  solid 
materials.  The  33-cubic-foot  batch  allowance  in  Wis- 
consin is  based  on  the  fact  that  the  spreader  bucket 
of  practically  all  27E  pavers  now  in  use  will  hold  this 
size  bitt eh  in  one  discharge.  The  two  old  pavers  and 
the  two  new  pavers  as  used  on  these  jobs  handled  the 
33-cubic-foot  batch  equally  as  well  as  they  did  the 
smaller-sized  batches. 

CHART  SHOWS  METHOD  OF  DESIGNING  MIXES 

The  mixes  on  both  jobs  were  designed  for  the  mini- 
mum allowable  cement  content  and  maximum  allowable 
water  content.  The  workability  of  the  concrete  was 
maintained  through  the  adjustment  of  the  gravel  and 
sand  content  by  means  of  the  workability  factor,  b/b0, 
as  developed  by  Talbot  and  Richart.2  Figure  12  is 
a  chart  designed  for  the  purpose  of  obtaining  the  pro- 
portions of  sand  and  coarse  aggregate  required  to 
produce  concrete  having  the  desired  workability  factor. 
The  chart  is  based  on  a  cement  content  of  5  sacks  per 
cubic  yard  of  concrete  and  G  gallons  of  water  per  stick 
of  cement,  which  were  the  specifications  for  the  Wiscon- 
sin jobs. 

The  process  of  determining  the  proportions  of  the 
mix  is  illustrated  by  the  dash  lines  on  the  chart,  which 
give  the  solution  for  a  workability  factor  of  0.70,  a 
value  which  seemed  to  work  host  on  both  of  these  jobs. 

The  percentage  of  voids  in  the  course  aggregate  (dvy 
loose)  tis  used  for  the  example  in  Figure  12  is  :ifi. 
Enter  the  chart  at  the  bottom  where  the  figures  for 
the  voids  in  the  coarse  aggregate  tire  given.  Proceed 
from  the  number  36  and  follow  the  dash  line  upward 
to  the  ordinate  (point  1  )  where  it  intersects  the  work- 
ability    ratio,    b/bo  =  0.76.     The    absolute    volume    of 

2  Bulletin  No.  137,  Engineering  Experiment  Station,  '  niversitj  ol  Illinois,  1923. 
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Figure  12. — Chart  for  Obtaining  Required  Proportions  of  Batch  for  a  Given  Value  of  b/b0,  on  Wisconsin  State- 
Aid  Projects  2916  and  2926.  Chart  is  Based  on  a  Cement  Content  of  5  Sacks  of  Cement  per  Cubic  Yard  of 
Concrete  and  6  Gallons  of  Water  per  Sack  of  Cement 


coarse  aggregate  is  given  by  the  same  ordinate  on  the 
right-hand  scale.  Follow  the  dashline  to  the  left  to  the 
specific,  gravity  line  of  2.78  for  the  coarse  aggregate 
(point  2)  and  upward,  and  read  the  weight  of  dry  coarse 
aggregate  for  a  1-sack  batch,  455.7  pounds,  on  the 
upper  scale.  Follow  the  dash  line  from  the  percentage 
of  voids  in  the  coarse  aggregate  (36)  again  to  the 
value  b/bo  =  0.7Q,  then  to  the  left  to  the  specific  gravity 
of  2.75  for  the  fine  aggregate  (point  3),  and  then  down, 
to  read  the  weight  of  255.3  pounds  of  sand  for  a  1-sack 
batch  on  the  lower  scale  at  the  bottom  of  the  chart. 
Proceed  again  from  the  intersection  of  the  36  per  cent 
voids  line  with  the  value  b/bn  =  0.7Q  and  follow  the 
dash  line  to  the  left  to  the  sand-cement  ratio  base  line 
(point  4),  and  then  downward,  to  read  the  sand-cement 
ratio  by  absolute  volume,  3.065,  on  the  upper  left-hand 
scale  at  the  bottom  of  the  chart.  The  absolute  volume 
of  the  sand  is  read  on  the  left-hand  scale. 

PROPORTIONING   AND  SIEVE   ANALYSIS  OF   AGGREGATES 
DISCUSSED 

The  three  sizes  of  aggregates  were  also  recombined 
experimentally,  different  percentages  of  each  size  being 
used,  in  order  to  obtain  as  low  a  void  content  as  prac- 
ticable without  sacrifice  of  gradation  in  obtaining  a 
workable  concrete. 

The  proportions  of  the  various  sizes  of  coarse  aggre- 
gate for  Wisconsin  State-aid  project  2926,  as  required 


by  the  specifications,  and  the  sieve  analyses  of  these 
aggregates  are  given  in  Table  22.  Sieve  analyses  of 
the  sand  used  on  both  Wisconsin  jobs  are  given  in 
Table  23. 

plant  layouts  shown 

Figure  13  shows  the  plant  layout  and  set-up  for  using 
three  sizes  of  coarse  aggregate  on  Wisconsin  State-aid 
project  2916.  It  is  obvious  that  a  very  crowded  con- 
dition existed.  In  fact,  the  plant  set-up  was  such  that 
trucks  lost  on  an  average  of  2  minutes  per  load  more 
than  necessary  for  a  typical  set-up,  a  condition  which 
required  the  use  of  one  and  sometimes  two  trucks  more 
than  would  have  been  used  normally.  An  extra  crane 
was  also  required.  The  materials  were  delivered  by 
rail. 

Figure  14  is  the  same  plant  site  but  with  equipment 
and  stock-piles  planned  for  handling  two  sizes  of  coarse 
aggregate.  In  so  far  as  the  cost  of  handling  the  ag- 
gregates and  batching  is  concerned,  this  set-up  would 
not  result  in  any  more  cost  for  handling  the  two  sizes 
than  if  only  one  size  of  coarse  aggregate  were  used. 

Figure  15  is  the  plant  layout  for  one  of  the  set-ups 
on  Wisconsin  State-aid  project  2926,  showing  the  num- 
ber of  turns  and  maneuvers  that  the  trucks  had  to 
make  in  order  to  obtain  a  load.  Figure  16  shows  the 
same  set-up  but  with  a  recommended  change  that 
could  be  used  on  similar  jobs.     Turning  time  for  the 
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Figure  13. — Plant  Layout  for  Wisconsin  State-Aid  Project  2916,  Three  Sizes  of  Coarse  Aggregate 


Table  22. — Proportions  and  sieve  analyses  of  coarse  aggregates 
used  on  Wisconsin  State-aid  project  2926 


PROPORTIONS 


No. 


Size 


Propor- 
tions 


2)2  to  \y2  inches. 
1',  in  ;,  inch.... 
34  to  M  inch 


Per  cent 
30-35 
45-50 
15-25 


SIEVE   ANALYSES 

No.  1  coarse  aggregate —  I'"  "  nt 

Retained  on  3-inch  circular  opening 0 

Retained  on  2M-inch  circular  opening 0-  10 

Retained  on  1%-inch  circular  opening 90-100 

Retained  on  1^-inch  circular  opening 100 

No.  2  coarse  aggregate — 

Retained  on  1^4-inch  circular  opening 0 

Retained  on  1%-inch  circular  opening 0-   10 

Retained  on  %-inch  circular  opening .  90-100 

Retained  on  J^-inch  circular  opening 100 

No.  3  coarse  aggregate — 

Retained  on  1-inch  circular  opening 0 

Retained  on  %-inch  circular  opening 0 

Retained  on  ^4-inch  circular  opening -  95-100 

Retained  on  No.  10  sieve 100 

Table  23. — Sieve  analyses  of  sumls  used  on  Wisconsin  Slate-aid 
projects  2916  and  2926 

Project  2916:  Percent 

Retained  on  No.  4  sieve 6.  86 

Retained  on  No.  20  sieve 48.  28 

Retained  on  No.  50  sieve 79.  79 

Retained  on  No.  100  sieve 93.  39 

Project  2926: 

Retained  on  No.  4  sieve 1.  56 

Retained  on  No.  20  sieve 39.  28 

Retained  on  No.  50  sieve 83.  82 

Retained  on  No.  100  sieve 95.  12 

trucks  would  then  be  eliminated.  If  only  two  sizes  of 
coarse  aggregate  had  been  specified,  a  3-compartment 
bin  could  have  been  used  which  would  have  required 
but  one  stop  for  the  trucks.  This  would  have  been  a 
most  economical  set-up  and  would  still  have  utilized  the 
advantage  of  multiple-sized  aggregates.  On  this  job  the 
material  was  delivered  by  truck  from  a  local  pit  and 
only  one  crane  was  necessary  to  supply  the  mixer  de- 
mand for  aggregates.  This  crane  supplied  material 
for  the  mixer  when  a  33-cubic-foot  batch  and  a  50- 


second  mixing  time  were  used.  An  average  of  fifty-five 
33-cubic-foot  batches  an  hour  were  taken  care  of  by  the 
crane.  This  means  that  the  crane  handled  an  average 
of  238,931  pounds  of  sand  and  gravel,  or  about  SO  cubic 
yards  of  material,  per  hour. 

Figure  17  shows  a  set-up  observed  during  the  sum- 
mer of  1930  handled  by  one  crane  and  utilizing  a 
method  of  straight-line  loading.  Bulk  cement  was 
placed  in  the  batch  between  the  stone  and  sand, 
eliminating  the  time  usually  required  for  covering  the 
cement.  This  method  proved  very  satisfactory.  Some 
engineers,  however,  prefer  to  have  the  order  of  loading 
changed  to  second-size  aggregate,  sand,  cement,  and 
then  coarse  aggregate. 

Incidentally,  this  contractor  wTas  using  sack  cement 
but  obtained  permission  to  try  bulk  cement,  which  re- 
sulted in  a  saving  of  11  cents  on  each  barrel  of  cement. 
This  item  alone  was  worth  while.  This  procedure  also 
assured  the  proper  weight  of  cement  each  time,  en- 
abled the  contractor  to  maintain  a  constant  maximum 
batch,  and  eliminated  the  cost  of  handling  the  empty 
sacks.  The  cement  retained  in  the  empty  sacks  aver- 
aged about  0.4  pound  per  sack.  A  State  buying  cement 
can  therefore  make  a  large  saving  by  eliminating  this 
item.  As  the  advantage  of  bulk  cement  becomes  more 
generally  appreciated  it  is  believed  that  its  use  will  be 
extended.  Up  to  the  present  time  the  most  popular 
way  of  handling  bulk  cement  at  the  batcher  plant,  and 
the  way  used  in  this  case,  is  by  the  use  of  2-wheeled 
concrete  buggies.  Two  cars  of  cement  are  unloaded  at 
the  same  time.  A  wooden  platform  is  constructed  to 
the  same  elevation  as  the  box-car  floor  with  a  length 
sufficient  to  reach  the  doors  of  both  cars.  Usually  two 
men  arc  used  in  each  car  for  loading  the  buggies,  two 
men  to  wheel  the  buggies  to  a  platform  scale,  two  men 
to  weigh  and  finally  dump  the  cement  into  the  trucks. 

On  Wisconsin  job  2916,  as  noted  in  the  sketches, 
the  bulk  cement  wras  delivered  by  rail  and  concrete 
buggies  were  employed  to  handle  the  cement.  On 
Wisconsin  job  292G  the  cement  wras  delivered  to  the 
batching  plant  in  trucks  and  the  cement  loaded 
mechanically.  Both  methods  proved  very  satisfactory 
and  the  trucks  could  be  loaded  rapidly  with  no  apparent 
loss  of  cement  during  loading  or  in  transit.     The  sand 
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SIDING   FOR  AGGREGATE  CARS 
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MAIN     LINE 


Figure  14. — Suggested  Improvement  in  Plant  Layout  for  Wisconsin  State-Aid  Project  2916,  Two 

Sizes  of  Coarse  Aggregate 


Figdre  15.— Plant  Layout  for  Wisconsin  State-Aid  Project  2926,  Three  Sizes  of  Coarse  Aggregate 


January,  1932 


PUBLIC    ROADS 


287 


Figure  16. — Suggested  Improvement  in  Plant  Layout  for  Wisconsin  State-Aid  Project  2926,  Three 

Sizes  of  Coarse  Aggregate 
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Figure  17. — Typical  Plant  Layout  for  Straight-Line  Loading,  Adapted  to  Bulk   Cement.     Trucks 
Loaded  Mechanically  or  with  Concrete  Buggies;  Sand  Used   for   Cement    Coverage 


was  dumped  on  the  coarse  aggregate  so  that  it  could  be 
pocketed  and  the  bulk  cement  covered  with  the  loose 
sand. 

Under  no  condition  should  the  bulk  cement  be 
dumped  at  the  rear  of  the  truck  body,  as  this  retards 
tbe  flow  of  material  into  the  skip,  clogs  the  skip  throat 
and  mixer  throat,  and  causes  the  blades  and  buckets 
to  be  badly  coated,  which  results  in  delaying  the 
mixer  operations. 

Both  jobs  employed  a  straight-line  loading  of  the 
trucks  for  the  bulk  cement,  which  reduced  the  amount 
of  turning  and  backing  required  in  taking  on  a  load. 
Delaying  a  3-batch  truck  1  minute  represents  a  loss  of 
about  5  cents.  This  item  may  seem  small  but  it 
accumulates  rapidly  into  a  large  sum.  Delaying  the 
mixer  1  minute  often  represents  the  loss  of  about  $1. 
On  a  paving  job  where  operations  should  synchronize 
and  coordinate,  minutes  lost  are  dollars  wasted.  An 
efficient  batching  plant  removes  many  chances  fordelay. 

STOP-WATCH  ANALYSIS  SHOWS  FEW  DELAYS  CAUSED  BY  USE  OF 
SEPARATE-SIZED  AGGREGATES 

Tables  24  and  25  are  summaries  from  the  time 
studies  which  were  made  during  the  period  from  June 
to  October  on  the  two  Wisconsin  jobs.     These  data 


were  obtained  by  means  of  careful,  daily  stop-watch 
studies  of  all  operations  connected  with  the  mixer. 
Delays  less  than  15  minutes  in  duration  were  classified 
as  minor  delays,  and  delays  greater  than  15  minute  in 
duration  were  grouped  as  major  delays. 

These  data  indicate  clearly  that  delays  caused  by  the 
use  of  separate  sizes  of  coarse  aggregate  were  negli- 
gible, except  on  the  first  Wisconsin  job  where  the  plant 
space  was  so  limited  that  the  use/of  four  stock-piles 
produced  such  crowded  conditions'  that  it  was  very 
difficult  to  maintain  efficient  truck  operation.  The 
job  started  with  one  crane  but  as  production  was 
improved  another  crane  had  to  be  put  on  the  job. 
Probable  causes  of  other  delays  were  also  indicated 
from  time  to  time  by  the  stop-watch  studies,  but  the 
ready  cooperation  and  alertness  of  the  contractors  in 
acting  on  these  suggestions  obviated  all  delays  of  any 
consequence  due  to  handling  the  separated  aggregates 
even  under  these  rather  unfavorable  conditions. 

CHARTS  SHOW  DISTRIBUTION  OF  COSTS 

Figures  18  to  23  show  some  of  the  pertinent  data 
collected  on  the  two  Wisconsin  jobs.  These  charts 
illustrate  the  costs  involved  in  constructing  the  con- 
crete pavement.     These  two  jobs  bad  practically  the 
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Table  24. — Summary  of  time  losses  and  their  effect  on  production, 
for  Wisconsin  State-aid  project  2916,  June  23  to  August  21,  1930 

MAJOR  DELAYS  OCC1   RRING  DURING  AVAILABLE  WORKING  TIME 


Character  of  delays 


Hours    ,  Per  cent 


Hauling  supply 0.  25 

.Mixer  trouble,  mechanical l  08 

Water  supply 3.  63 

Lack  of  materials  at  yard. ■  .77 

Crane  trouble,  mechanical.   j  10.  27 

Moving 83  15 

Rain 13.80 

Wet  subgrade 21.25 

Miscellaneous .  1.  01 

Total 139.11 

Time  major  equipment  actually  operated 406.  07 

Available  working  time - . 545. 18 


0.05 
.75 
.67 
.  14 

1.88 
15.30 

2  53 

3.90 
.30 


25.  52 

74.  4S 


100.  00 


MINOR     DELAYS     OCCURRING     DURING     TIME 
OPERATION 


OF     ACTUAL 


Character  of  delays 


Hauling  supply - 

Hauling  operation 

Dumping 

Mixer  trouble,  mechanical..    

Mixer  operation 

Water  supply 

Lack  of  materials  at  yard 

Set  parting  strip 

Subgrade  not  prepared 

Place  reinforcing  steel 

Wait  for  finishers. ._ 

Sand  batch,  lip  curb  ..  ..  .      .   

Expansion  joint 

Crane  operation 

Miscellaneous-,. 

Total 

Time  major  equipment  operated  at  100  per  cent  efficiency 


Hours 


14.95 
11.09 

2.02 

3.  66 

9.47 

12.88 

.33 

.51 

6.98 

1.34 

2.04 

1.49 

.MS 

3.  03 

2.88 


73.  65 
332.  42 


406.  07 


Per  cent 


3.  68 

2.73 
.64 
.90 

2.33 

3.17 
.08 
.  13 

1.72 
.33 
.50 
.37 
.09 
.  75 
.71 


IS.  14 
81.86 


100.  00 


Ictual  production,  15,945  batches,  93,395  square  yards,  over-all  efficiency  of  major 
equipment  operation,  83.1  per  cent. 


Figure  18. — Materials  Cost  Data  for  Wisconsin  State- 
Aid  Project  2916.  Costs  are  Expressed  as  Per- 
centages of  Total  Cost  of  Materials 

same  truck  haul  with  the  over-all  efficiency  of  one 
contractor  83.1  per  cent  and  that  of  the  other  88  per 
cent.  One  job  used  local  aggregate  and  the  other 
commercial  aggregate.  Five  sacks  of  cement  per  cubic 
yard  were  used  on  each  job. 

Further  reductions  in  hauling,  labor,  and  depreciation 
will  probably  be  made  this  year  in  Wisconsin  by  the  use 
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Figure  19. — Labor  Cost  Data  and  Organization  Chart 
for  Wisconsin  State-Aid  Project  2916.  Costs  are 
Expressed  as  Percentages  of  Total  Cost  of  Labor 

of  a  33-cubic-foot  batch  and  a  50-second  mixing  time 
after  all  solid  materials  are  in  the  drum. 

On  these  two  Wisconsin  jobs  and  on  the  job  in 
Arkansas,  all  of  which  used  separate  sizes  of  coarse 
aggregates,  242  batches  were  sampled  as  they  were 
dumped  on  the  subgrade  and  tests  made  to  determine 
the  distribution  of  coarse  aggregate,  sand,  cement,  and 
water  in  samples  taken  from  the  four  corners  and  the 
center  of  the  batch.  From  these  same  batches  beams 
and  cylinders  were  also  made.  A  total  of  1,276 
cylinders  and  726  beams  were  made  in  these  tests. 
All  of  these  tests  indicate  that  a  high  degree  of  uni- 
formity was  obtained  not  only  within  the  batches  but 
also  between  batches. 
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Table  25. — Summary  of  time  losses  and  their  effect  on  production, 

for  Wisconsin  State-aid  ■project   29  ,,: 

MAJOR  DELAYS   OCCURRING    DURING  AVAILABLE   WORKING 

HOURS 


Character  of  delays 

Hours 

Per  cent 

Rain _ 

31.  75 

32  50 

35.  25 

26.  2.r, 

■  00 

3.07 

2.83 

5.28 

1.95 

5.50 

1.50 

5.85 

5  19 

Wet  grade  -.     

5  30 

Moving  during  job _ 

5  75 

Material  supply. 

4  28 

Subgrade 

1  30 

Mixer  trouble,  mechanical..  . 

.'ill 

Water  supply 

4(i 

Batcher.. 

Nil 

Finishing  machine. 

32 

Crane 

'10 

Joints. 

96 

Miscellaneous... _ 

96 

Total.. 

159.  73 
453.  27 

26  OS 

Time  paver  actually  operated 

73.  92 

Available  working  time. 

613.  00 

100  00 

MINOR     DELAYS     OCCURRINO     DURING     TIME     OF 
OPERATION 


Character  of  delays 


Hauling  supply.. 

Hauling  operation 

Dumping. ._ 

Mixer  trouble,  mechanical.. _. 

M ixer  operat ion  _  _ 

Water  supply 

Joints  and  steel 

Svibgrade 

M  iscellaneous 

Total 

Time  paver  operated  at  100  per  cent  efficiency 


ACTUAL 


Per  cent 


453.  27 


100.00 


(  Iver-all  efficiency  of  paver,  S8.0  per  cent;  total  production,  116,347  square  yard 


Figure  20. — Summary  of  Cost  Data  for  Wisconsin  State- 
Aid  Project  2916.  Costs  are  Expressed  as  Percent- 
ages of  Total  Cost  of  Project 


Figure  21. —  Materials  Cost  Data  for  Wisconsin  State- 
Aid  Project  2926.  Costs  are  Expressed  as  Percent- 
ages of  Total  Cost  of  Materials 

conclusions  summarized 

From  the  data  presented  in  the  quality  and  produc- 
tion studies  of  27E  pavers  in  good  condition  the 
following  conclusions  seem  reasonably  clear: 

1.  The  uniformity  of  the  mixing  and  the  resulting 
strength  of  the  concrete  are  equally  good  for  35-cubic- 
foot  batches  as  for  27-cubic-foot  batches  when  mixed 
for  60  seconds. 

2.  The  uniformity  of  the  mixing  and  the  resulting 
strength  of  the  concrete  are  equally  good  for  a  30  or  33 
cubic-foot  batch  when  mixed  for  50  seconds  as  when 
mixed  for  80  seconds. 

3.  Under  present  actual  job  conditions  and  custom- 
ary auxiliary  equipment,  the  most  economical  batch 
for  the  27E  paver  seems  to  be  33  cubic  feet  with  a 
mixing  time  of  50  seconds  for  all  solid  materials. 

4.  The  large-sized  batches,  up  to  35  cubic  feet,  and 
on  grades  less  than  6  per  cent,  did  not  cause  spillage, 
leakage,  or  clogging  of  either  the  old  or  the  newr  paver-, 
and  may  be  advisable  when  a  mixing  time  longer  than 
50  seconds  is  required. 

5.  The  mixers  did  not  show  any  signs  of  breakage 
related  to  overloading  from  using  the  larger-sized 
batches. 

6.  Practically  no  increse  in  the  present  standard 
auxiliary  equipment  or  labor  set-up,  nor  any  change  in 
this  equipment  or  labor  set-up,  is  necessary  to  use  a 
33-cubic-foot  batch  mixed  50  seconds. 

7.  If  oversanded  mixes  are  still  retained  after  the 
introduction  of  the  use  of  aggregates  of  multiple  sizes. 
the  resulting  concrete  will  not  only  cost  more  than  it 
otherwise  would  but  quality  will  be  sacrificed.  By 
using  separated  sizes  intelligently  a  lower  mortar  ratio 

(Continued  on  page  292) 


RELATION    BETWEEN    THE    STRENGTH    OF   CEMENT 
AND  THE  STRENGTH  OF  CONCRETE 


By  F.  H.  JACKSON,  Senior  Engineer  of  Tests,  U.  S.  Bureau  of  Public  Roads 


ABOUT  four  years  ago  the  Bureau  of  Public  Roads 
/\  began  a  series  of  laboratory  tests  for  the  purpose  of 
1  V.  determining  the  extent  to  which  the  strength  of 
concrete  may  be  expected  to  vary  as  the  result  of  varia- 
tions in  the  quality  of  the  Portland  cement  used  in  its 
manufacture.  At  that  time  engineers  were  just  be- 
coming interested  in  the  use  of  relatively  rapid  hard- 
ening or  high  early  strength  cements  in  concrete  road 
construction.  It  was  felt  that  the  use  of  such  cements 
would  be  justified  for  economic  reasons  through  the 
earlier  opening  of  highways  to  traffic,  provided  assur- 
ance could  be  had  that  the  ultimate  strength  and 
durability  of  the  concrete  would  not  suffer.  The 
standard  requirements  of  the  American  Society  for 
Testing  Materials  had  not  then  been  raised  to  the 
present  values  and  the  general  level  of  briquet  strengths 
shown  by  Portland  cements  was  not  as  high  as  it  now  is. 

Because  of  this  recent  trend  toward  the  manu- 
facture of  cements  of  higher  early  strength,  the  results 
of  these  tests  may  not  have  quite  the  significance  which 
they  otherwise  would  have.  However,  it  is  believed 
that  the  data  will  be  of  some  interest,  first  in  showing  to 
what  extent  briquet  strengths  reflect  the  corresponding 
concrete  strengths  developed  by  various  Portland 
cements  at  different  ages,  and  second,  the  extent  to 
which  variations  in  the  quality  of  Portland  cement 
affect  the  conventional  water-cement  ratio  strength 
relation. 

DESCRIPTION  OF  TESTS 

Samples  of  eight  brands  of  Portland  cement  were 
obtained  from  warehouse  stocks  in  the  Washington, 
D.  C,  market,  and  a  series  of  concrete  tests  were  made 
in  which  the  attempt  was  made  to  eliminate  every 
variable  except  the  quality  of  the  cement.  A  nominal 
1:2:4  volumetric  mix  (dry  rodded)  was  employed, 
using  Potomac  River  sand  and  gravel  and  a  sufficient 
quantity  of  water  to  give  a  slump  of  about  two  inches. 
The  actual  quantity  of  water  was  varied  slightly, 
because  of  differences  in  the  normal  consistencies  of  the 
cements.  However,  the  maximum  difference  in  water- 
cement  ratio  due  to  this  cause  was  so  slight  (amounting 
to  only  about  0.04)  as  to  be  of  no  significance  as  regards 
its  effect  on  strength,  and  the  water  content  may  be 
said  to  have  been  substantially  constant. 

All  specimens  were  fabricated  and  stored  in  accord- 
ance with  American  Society  for  Testing  Materials 
standard  practice.  The  briquets  were  stored  in  water 
in  pans  which  were  in  turn  stored  in  the  concrete  moist 
closet.  The  sand  showed  a  fineness  modulus  of  approx- 
imately 2.70  and  passed  all  of  the  usual  specification 
requirements.  The  gravel  was  graded  uniformly  from 
one  and  one-half  inch  down  to  one-fourth  inch  and  was 
measured  in  three  separate  sizes. 

The  concrete  was  tested  in  compression,  bending,  and 
direct  tension  at  periods  of  7  and  28  days,  six  months, 
one  year,  and  three  years.  Compression  specimens 
were  the  usual  6  by  12-inch  cylinders,  transverse  speci- 
mens 6  by  6  by  30-inch  beams,  tested  as  cantilevers 
and  tension  specimens  6  by  21 -inch  cylinders,  tested  by 
means  of  the  gripping  device  developed  in  the  labor- 
atory of  the  Portland  Cement  Association.1 

1  Descriptions  of  the  cantilever  testing  machine  and  the  tension  testing  device 
appear  in  Public  Roads,  vol.  10,  No.  4,  June,  1929,  p.  74. 
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A  complete  series  of  the  standard  cement  tests,  in- 
cluding 20  sets  of  mortar  briquets  (three  briquets  to 
each  set)  was  also  made.  This  made  it  possible  to  test 
12  briquets  at  each  of  the  five  ages  indicated.  Average 
results  of  all  of  the  cement  tests,  with  the  exception  of 
strength,  are  given  in  Table  1.  The  mortar  tension 
tests  for  each  cement  for  various  periods  up  to  three 
years  and  the  corresponding  concrete  test  results  are 
given  in  Table  2. 

Table  1. — Routine  tests  of  cements 


Cement 

Time  of  set 

Soundness 

Fineness  re- 
tained on 

Normal 

Initial 

Final 

No.  200 
sieve 

consistency 

A 

Hrs.     Min. 
3             45 

3  35 

4  20 
4              35 
4              06 
3              35 

3  40 

4  20 

Hrs.     Min. 

w 

8             30 
8             30 
8             35 

(■) 

7              30 
7              40 
6              35 

Satisfactory. 

do 

do 

do 

do 

do 

do 

do 

Per  cent 
15.1 
16.6 
14.8 
13.9 
15.9 
14.3 
14.1 
15.9 

Per  cent 
23  0 

B 

23  0 

C . 

21  8 

D. 

23  8 

E 

24  0 

F   

23  0 

G 

23  0 

II 

23  5 

<•  More  than  7  but  less  than  9  hours. 

DISCUSSION  OF  RESULTS 

The  variations  in  strength  obtained  for  a  constant 
water-cement  ratio,  as  shown  by  the  results  of  28-day 
compression  tests  given  in  Table  2,  cover  a  range  in 
strength  from  2,005  to  2,775  pounds  per  square  inch, 
as  compared  to  an  average  for  the  eight  brands  of  2,414 
pounds  per  square  inch.  This  is  a  total  range  of  770 
pounds,  or  32  per  cent  of  the  average  value.     According 

to  the  general  relation  5=  — b^ — »  in  which  S  represents 

crushing  strength  and  x  the  water-cement  ratio,  the 
crushing  strength  corresponding  to  the  water-cement 
ratio  used  (0.95)  should  be  about  2,200  pounds  per 
square  inch.  Based  on  this  value,  the  concrete  of  high- 
est strength  showed  a  deviation  of  26  per  cent  from  the 
theoretical  value,  with  the  other  concretes  showing  pro- 
portionately smaller  deviations. 

The  average  for  the  eight  brands  (2,414  pounds  per 
square  inch)  was,  however,  close  to  the  theoretical 
strength  called  for  by  the  conventional  formula. 

These  tests  indicate  that  the  maximum  deviation  in 
crushing  strength  at  28  days  due  to  variation  in  the 
quality  of  the  Portland  cement,  was  approximately 
equal  to  the  variation  in  strength  which  would  be  ob- 
tained by  changing  the  water-cement  ratio  one  gallon 
per  sack  of  cement.  The  results  corroborate,  in  general, 
such  other  data  as  are  available,  which  indicate  that 
the  quality  of  the  Portland  cement  may  have  a  rather 
marked  effect  upon  the  28-day  strength  of  the  concrete. 

It  will  be  of  interest  to  compare  the  variations  in 
concrete  strength  at  28  days  with  the  variations  in 
strength  which  were  observed  at  later  periods.  An  in- 
spection of  Table  2  shows  about  the  same  total  varia- 
tion in  strength  at  each  of  the  five  ages  at  which  tests 
were  made,  with  a  somewhat  greater  spread  at  the 
shortest  and  longest  testing  periods  (7  days  and  3 
years)  than  for  the  intermediate  periods.  The  relative 
order  of  the  strength  values  did  not,  however,  remain 
the  same,  certain  of  the  cements  which  were  high  at 
the  early  periods  showing  comparatively  low  values 
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Table  2. — Effect  of  quality  of  cement  on  the  quality  of  concrete  '     Table  3. — Relative  order  of  eight  cements  in  mortar  and.  conn 

various  ages 


1 

Strength  of  concrete  in  pounds 

Briquet 

per  square  inch 

Cement 

strength,' 
pounds 

Age 

per  square 
inch 

Flexure 

Compres- 
sion 

Tension 

A 

325 

261 

1,  349 

144 

B 

290 

249 

1,402 

130 

C 

265 

211 

1,092 

126 

7  davs      . 

1) 
E 

295 
310 

.'TO 
265 

1,  530 

146 

160 

F 

290 

247 

1,430 

132 

G 

265 

230 

1,299 

112 

{      II 

360 

372 

1,940 

202 

Av 

A 

iilll] 

264 

l.  184 

144 

375 

391 

2,160 

227 

B 

365 

338 

2,005 

224 

C 

345 

330 

2,  loo 

1 98 

28  days 

D 

E 

385 
385 

395 

401 

2.  700 

2,  77;. 

244 

222 

F 

395 

392 

2,680 

231 

G 

350 

384 

2,  423 

212 

1      II 

Av. 
f       A 

410 

432 
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532 
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3,  745 
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I      H 
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492 

3,410 
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3,564 
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3,  539 

244 

B 
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517 

3,780 
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C 
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519 

4,  086 

233 

D 
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559 

4,026 
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1  year 

E 

F 

355 
360 

523 
564 

4,064 

4,328 

235 

241 

G 

410 
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4,225 
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(       II 
Av 
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563 

3,811 
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384 
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3,982 

238 

375 

549 

3,  490 

251 

B 

370 

561 

3  3,410 

248 

C 

375 

583 

4,140 
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3  years 

D 
E 

395 
355 

564 
540 

3,670 
4,170 

264 

267 

F 

370 

575 

'  4,  490 
3,650 

G 

345 

554 

235 

{       H 

Av 

350 

566 

3  3,  590 

254 

367 

562 

3,830 

258 

1  Mix  1 : 2 : 4  by  volume;  water-cement  ratio,  0.95;  consistency,  2-inch  slump.  Each 
value  for  modulus  of  rupture,  average  of  4  tests  on  2  beams.  Each  value  for  com- 
pression, average  of  4  tests,  except  as  noted.  Each  value  for  tension,  average  of  4 
tests  on  2  cylinders. 

2  Tensile  strength  of  1 : 3  Ottawa  sand  mortar  briquets.  Each  result  is  the  average 
of  12  tests.  Briquets  stored  in  moist  closet  24  hours;  balance  of  time  in  water  con- 
tained in  pans  stored  in  moist  room. 

3  Average  of  3  tests. 

later.  This  is  shown  in  Table  3,  which  gives  the  relative 
order  of  the  eight  cements  for  each  testing  period  and 
for  each  type  of  test. 

In  general,  it  will  be  seen  that,  for  the  two  earlier 
periods,  7  and  28  clays,  the  briquet  strengths  of  the 
various  cements  indicate  quite  definitely  the  relative 
order  of  the  concrete  strengths  which  will  be  developed 
by  the  same  cements  at  the  same  ages.  The  only  out- 
standing exception  to  this  rule  is  cement  A  which  shows 
a  7-day  briquet  strength  quite  out  of  line  with  the  con- 
crete strengths  developed  with  this  cement.  At  28 
days  it  will  be  noted  that  this  cement  has  dropped  to 
fifth  place  in  briquet  strength,  which  is  about  the  order 
of  strength  in  concrete  for  this  cement  at  both  7  and 
28  days. 

After  the  28-day  period  practically  all  trends  as  re- 
gards the  relationship  between  briquet  strength  and 
concrete  strength  disappear.  This  is  true,  not  only  of 
the  7  and  28  day  briquet  strength  as  compared  to  con- 
crete strength  at  various  periods,  but  is  true  also  of 
the  long  time  briquet  strengths  as  compared  to  concrete 
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strengths  at  the  corresponding  ages.  Here  again  the 
data  are  in  accord  with  other  available  information  on 
the  subject,  which  in  general,  indicates  that  at  ages  of 
six  months  and  over,  cements  which  give  relatively  low 
briquet  strengths  at  7  and  28  days,  may  show  as  high  or 
higher  concrete  tests  as  those  cements  which  give  high 
7  and  28  day  test  results. 

From  an  examination  of  Table  2  it  will  be  observed 
that  there  was  a  very  definite  retrogression  in  the 
strength  of  mortar  briquets  at  three  years,  in  all  cases 
except  that  of  cement  D,  and  in  some  cases  at  earlier 
ages.  This  tendency  is  not  reflected  in  any  systematic 
way  in  the  concrete  tension  tests,  and  we  may,  there- 
fore, conclude  that  it  was  not  caused  by  the  particular 
cements  used,  but  by  some  other  factor,  such  as  type 
of  specimen,  method  of  storage,  etc.,  common  to  all 
specimens.  In  flexure  also  there  was  very  little 
tendency  toward  retrogression  in  strength,  except  in 
the  case  of  cements  C,  E,  and  A  at  one  year  and 
cement  G  at  three  years.  These  decreases  may  be 
accidental,  although  the  same  tendency  appears  in  the 
tension  tests  in  the  case  of  cements  C  and  E.  On  the 
other  hand,  none  of  these  cements  show  retrogression  in 
crushing  strength  at  one  year,  although  cements  G, 
B,  D,  A,  and  E  show  a  decrease  at  three  years.  In  only 
one  case  (cement  G)  is  there  a  corresponding  reduction 
in  the  flexure  and  concrete  tension  strengths.  It  seems 
reasonable  to  assume  that  any  marked  tendency  for  a 
particular  cement  to  cause  retrogression  in  strength 
would  be  reflected  in  all  of  the  concrete  tests.  It  is 
believed  that,  in  general,  the  reduction  in  crushing 
strength  at  three  years  was  caused,  not  by  the  use  of 
particular  cements,  but  by  some  factor  which  can  not 
be  determined  by  the  data  available. 

(Continued  on  page  292) 
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can  generally  be  used  and  as  a  consequence  the  cement 


factor  may  be  reduced. 
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Figure  23. — Summary  of  Cost  Data  for  Wisconsin  State- 
Aid  Project  2926.  Costs  are  Expressed  as  Percent- 
ages of  Total  Cost  of  Project 

(Continued  from  page  291) 

These  tests  substantiate  the  general  conclusions  which 
have  been  reached  by  concrete  engineers  to  the  effect 
that  the  7  and  28  day  briquet  strengths  of  Portland 
cement  are  no  measure  of  the  comparative  strengths 
of  the  concrete  at  later  periods  (say  six  months  and 
over).  The  tests  do  indicate,  however,  that  routine 
briquet  strengths  at  7  and  28  days  measure,  in  a  general 
way,  the  comparative  strengths  which  will  be  developed 
in  concrete  at  corresponding  periods. 


Figure  22. — Labor  Cost  Data  and  Organization  Chart 
for  Wisconsin  State-Aid  Project  2926.  Costs  are 
Expressed  as  Percentages  of  Total  Cost  of  Labor 
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An  index  to  volume  11  of  Public  Roads,  which  in- 
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is  now  available  for  distribution,  and  copies  may  be 
obtained  without  charge  from  the  Bureau  of  Public 
Roads,  United  States  Department  of  Agriculture, 
Washington,  D.  C.  Indexes  to  volumes  6,  7,  8,  9,  and 
10  have  previously  been  published,  and  a  supply  of 
these  indexes  is  still  on  hand.  The  index  to  volume 
12  is  now  being  prepared. 
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SOME  STUDIES  OF  DRILLING  AND  BLASTING  IN 

HIGHWAY  GRADING 

By  ANDREW  P.  ANDERSON,  Highway  Engineer,  Division  of  Management,  U.  S.  Bureau  of  Public  Roads 


POOR  blasting  is  the  rule  rather  than  the  excep- 
tion in  much  of  our  highway  grading  work.  This 
conclusion  is  based  on  a  study  of  71  power-shovel 
grading  jobs  on  which  solid  materials  requiring  drilling 
and  blasting  were  encountered  in  considerable  quan- 
tities. On  43  of  these  jobs  the  blasting  was  decidedly 
deficient.  On  13  of  the  jobs  the  material  was  fairly 
well  broken,  while  on  only  15,  or  slightly  more  than 
one-fifth,  was  the  material  so  well  broken  as  to  permit 
rapid  and  fairly  continuous  shovel  operation. 

Since  poor  blasting  is  so  common  and  materials  which 
must  be  blasted  before  they  can  readily  be  handled  by 
the  power  shovel  are  so  frequently  encountered  in 
present-day  highway  grading  work,  the  accumulated 
field  records  of  the  production  studies  made  by  the 
Bureau  of  Public  Roads  during  the  past  six  years  have 
been  reviewed  in  order  to  obtain  as  much  definite  data 
as  possible  in  regard  to  the  following  points: 

1.  How  and  to  what  extent  does  the  blasting  affect 
the  rate  of  shovel  production? 

2.  What  are  the  chief  obstacles  to  adequate  blast- 
ing— that  is,  such  blasting  as  will  permit  a  high  rate  of 
shovel  production? 

3.  How  and  to  what  extent  can  these  difficulties  be 
overcome? 

The  rate  of  power-shovel  operation  depends  on  three 
factors,  the  average  length  of  the  dipper  cycle,  the 
amount  of  material  handled  or  moved  per  dipper  load, 
and  the  regularity  or  continuity  of  operation.  Poor 
blasting  usually  means  large  rocks  and  also,  very 
frequently,  tight  or  even  some  unbroken  ground.  Large 
rocks  can  only  be  handled  with  much  difficulty  and  at 
a  very  slow  rate.  Still  further  delays  are  often  imposed 
on  the  shovel  wdiile  the  larger  rocks  are  being  "bull- 
dozed" or  while  the  unbroken  ground  is  being  reblasted. 
Figures  1,  2,  and  3  illustrate  the  difficulties  imposed  on 
the  shovel  by  poor  blasting. 

On  the  other  hand,  where  the  blasting  has  been  so 
thorough  that  the  largest  dimension  of  the  larger  frag- 
ments or  particles  does  not  exceed  but  about  one-half 
of  the  smallest  inside  dimension  of  the  dippe.-,  the  rate 
of  shovel  operation  can  be  practically  the  same  as  for 
operation  in  good  common  earth  excavation.  Figure 
4  shows  a  cut  in  which  adequate  blasting  made  the 
work  of  the  shovel  easy.  The  average  amount  of  pay 
material  moved  per  dipper  load,  however,  will  nearly 
always  be  less  when  working  in  rock  than  when  working 
in  good  common  earth  excavation  because  of  the  fact 
that  rock  generally  takes  on  more  swell  from  blasting 
and  from  being  picked  up  by  the  dipper  than  does 
ordinary  earth  picked  up  by  the  dipper  from  its  natural 
place  in  the  cut. 

Even  with  the  most  perfect  blasting  the  rate  of 
production  in  pay  yardage  can  rarely,  if  ever,  be 
expected  to  be  as  high  as  can  be  achieved  in  good 
common  earth  under  similar  conditions  and  with  equal 
effort.  The  same  rate  of  shovel  operation  can  be 
attained,  and,  under  favorable  conditions,  the  same 
apparent  or  loose-volume  yardage;  but  the  actual  or 
pay  yardage  measured  in  place  in  the  cut  will  probably 
always  be  less  for  the  rock  than  for  good  earth.  Very 
sticky  materials  or   earth  mixed  with    many   roots  or 
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bowlders  may  give  much  lower  production  than  well- 
blasted  rock,  as  to  both  size  of  dipper  load  and  actual 
yardage  per  hour  of  operation. 

BATE  OF  PRODUCTION   REDUCED  MORE  THAN  30  PER  CENT  in 
POOR  BLASTING 

As  the  thoroughness  of  the  blasting  decreases,  the 
rate  of  production   decreases  rather  rapidly.     For  all 

the  jobs  studied  during  the  past  three  years  the  average 
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Figure  1. — Trying  to  M  vke  the  Shovel  Take  the  Placi 
of  Drilling  and  Blasting  Is  a  Sure  Way  to  Shorten 
the  Life  of  the  Shovel,  Postpone  the  Completion  oi 
the  Job,  and  Reduce  the  Possible  Profits 

operating  cycle  of  1  to  1',-yard  shovels  working  in 
materials  classed  as  well  to  fairly  well  blasted  rock 
was  23.5  seconds,  while  for  the  same  size  and  type  of 
shovel  operating  in  poorly  blasted  materials  the  average 
shovel  cycle  was  33. 5  seconds  -an  increase  of  over  42 
per  cent.  Even  worse  conditions  are  frequently 
found,  as,  for  example,  on  some  very  poorly  blasted 
jobs  not  included  in  the  above  averages  on  which  the 
average  shovel  cycle  was  45  seconds — an  increase  oi 
more  than  85  per  cent  over  well-blasted  materials. 
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The  effect  of  poor  blasting  on  the  average  quantity 
of  pay  material  moved  per  dipper  load  is  almost  equally 
striking.  For  the  1  to  l^yard  shovels  the  dipper  load 
averaged  0.70  cubic  yard  of  pay  material  in  well- 
blasted  rock  but  only  0.50  cubic  yard  in  poorly  blasted 
materials,  a  reduction  of  over  28  per  cent.  On  a  few 
jobs  not  included  in  the  above  averages,  because  of 
exceptionally  pool'  blasting,  the  output  was  only  about 
0.4  of  a  cubic  yard  of  pay  material  per  dipper  load  for  a 
1 ){ -cubic-yard  dipper,  a  reduction  of  over  40  per  cent. 
The  average  reduction  in  the  rate  of  production  for  1  to 
1  }i  yard  shovels,  not  including  exceptionally  bad  jobs, 
was  therefore  approximately  50  per  cent,  simply  be- 
cause of  the  decreased  dipper  load  and  the  increased 
shovel  cycle  resulting  from  poor  blasting  of  the  material. 


Figure  2. — A  Good  Shovel  Plus  a  Good  Operator  Can 
Handle  Rocks  Like  This,  But  the  Cost  Puts  This 
Kind  of  Blasting  into  a  Luxury  Class  Which  No 
Contractor  Can  Aw  Longer  Afford 

This  50  per  cent  decrease  in  the  rate  of  shovel  pro- 
duction resulting  from  an  increased  shovel  cycle  and  a 
decreased  net  dipper  load  does  not  include  all  the  effects 
of  poor  blasting  on  the  rate  of  production.  More  time 
is  always  lost  on  poorly  blasted  jobs  than  on  jobs  where 
the  blasting  is  well  done.  This  is  brought  out  more 
fully  in  Table  1,  which  is  a  summary  of  the  production 
studies  during  (he  past  four  years  on  20  jobs  using 
\  to  I1,  yard  shovels.  Here  it  will  be  noted  that  the 
delays  or  individual  stops  due  to  one  item  alone,  large 
rocks,  were  increased  almost  50  per  cent  on  the  poorly 
blasted  jobs,  while  the  hourly  production  for  the  time 
the  crew  was  on  the  job  was  reduced  to  less  than  one- 
half  of  that  attained  on  the  jobs  on  which  the  blasting 
was  thorough. 

Table   1. — Average  rates  of  production  and  operation  mi  20  rock 

jobs 


Average     Average 
size  ol        dipper 
shovel           load 

Shovel  production  per  hour 

Percent- 
er ,i| 
working 
time  lost 
by  shovel 
due  to 
large 
rocks     ' 

Condition  of  blasted 
rock   for  handling 
bv  shovel 

Cubic 

yards 

Dippers 

Number 

(   ycle 

Good 

Cu.  yds.     ( 'a.  uds. 
1.02            0.68 
1.08                  19 

112                  . 50 

65  5 
38  7 
31.8 

96  3 

7'.l  7 
63    1 

s, ,  „nth 
24.4 
32.2 
36.  7 

8  7 

14.5 

16.3 

COST  OF  SHOVEL  OPERATION  VIRTUALLY  INDEPENDENT  OF  RATE 
OF  PRODUCTION 

The  reduction  of  some  50  per  cent  in  production 
simply  because  the  material  was  poorly  instead  of  thor- 
oughly broken  would  not  be  so  bad  if  the  cost  of  shovel 
operation  could  he  reduced  in  about  the  same  propor- 
tion. This,  however,  is  impossible.  The  cost  of  shovel 
operation  exclusive  of  the  hauling  is  practically  con- 


stant so  long  as  the  crew  is  out  on  the  job  regardless  of 
whether  production  is  high  or  low,  and  with  the  present 
prevailing  equipment  and  methods  of  operation  even 
the  hourly  or  daily  cost  of  the  hauling  equipment  tends 
to  become  fairly  constant  and  only  partly  dependent 
on  the  rate  of  production.  Every  decrease  in  output, 
therefore,  tends  automatically  to  register  as  an  increase 
in  the  unit  production  cost. 

The  following  example  illustrates  the  point  in  ques- 
tion. The  records  showr  two  1-yard  shovels  each  of 
which  had  an  average  operating  cost  of  about  $21  per 
hour  for  the  items  of  loading,  hauling,  and  dump  oper- 
ation. At  one  time  during  a  full  week  while  one  of 
these  shovels  was  working  in  well-blasted  rock  at  an 
average  rate  of  67  cubic  yards  per  hour  the  other  was 
working  in  poorly  blasted  rock  at  an  average  rate  of 
only  36  cubic  yards  per  hour.  It  cost  the  contractor, 
therefore,  31%  cents  per  cubic  yard  to  load,  haul,  and 
place  the  well-blasted  material  as  against  a  cost  of  58}3 
cents  per  cubic  yard  to  handle  the  poorly  blasted  materi- 
al, a  difference  of  27  cents  per  cubic  yard.  It  seems 
probable  that  if  a  part  of  this  27  cents  had  been  expend- 
ed in  obtaining  a  somewhat  closer  spacing  of  the  drill 
holes  and  the  use  of  a  slightly  larger  amount  of  explosive 
a  considerable  saving  would  have  been  effected. 

In  this  case,  which  was  fairly  typical  of  average  con- 
ditions, the  contractor,  as  is  usually  the  case,  was  un- 
able to  reduce  either  his  hauling  equipment  or  his  dump 
crew  while  working  in  the  poorly  blasted  material.  Poor 
blasting  almost  invariably  gives  rise  to  poor  hauling 
conditions,  the  main  results  of  which  are  a  slow  hauling 
speed  and  difficult  dump  operation.  These  conditions 
call  for  proportionately  more  hauling  equipment.  Fur- 
thermore, poorly  blasted  material  is  seldom  uniform. 
There  are  therefore  periods  when  the  rate  of  production 
is  high  enough  to  demand  the  normal  supply  of  hauling 
equipment  and  other  periods  when  production  is  so  low 
that  most  of  the  hauling  equipment  is  idle.  The  wear 
and  tear  on  all  the  equipment  is  excessive  when  working 
in  poorly  blasted  material.  Time  losses  and  delays  due 
to  mechanical  troubles  are  also  more  frequent.  The 
question,  therefore,  naturally  arises  as  to  how  and  to 
what  extent  can  these  losses  be  prevented  or  reduced 
without  incurring  corresponding  costs. 

METHODS  STUDIED  FOR  IMPROVING  QUALITY  OF  BLASTING 

It  is  recognized,  of  course,  that  under  the  many  widely 
varying  conditions  encountered  in  the  held  and  with 
the  present  knowledge  of  the.  art,  not  all  blasts  will  pro- 
duce the  much  desired  thorough  shattering  of  the  ma- 
terial, and  that  no  rules  or  formulas  can  be  given  which 
will  fit  all  conditions.  On  the  other  hand,  it  is  believed 
that  the  available  data  are  sufficiently  extensive  and 
sufficiently  clear  to  indicate  certain  general  guides  to 
procedure  which  should  be  of  material  value,  first , 
when  work  is  begun  on  a  new  job  or  a  new  cut  which 
differs  materially  from  those  in  which  work  has  already 
been  done,  and  second,  in  interpreting  and  utilizing  the 
experience  gained  from  each  successive  blast.  Occa- 
sionally conditions  will  be  encountered  under  which  it 
will  probably  be  cheaper  to  accept  a  reduced  shovel 
output,  even  as  expensive  as  that  is,  rather  than  to 
assume  the  expenditure  necessary  to  accomplish  thor- 
ough breakage  of  all  of  the  material;  but  these  cases 
seem  to  be  relatively  few  and  will  be  discussed  more 
fully  later. 

In  general,  the  data  indicate  that  on  a  large  majority 
of  grading  jobs  involving  solid  rock,  hard  shale,  or 
similar  materials   more   thorough    blasting  is  possible, 
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and  that  such  blasting  will  tend  to  decrease  rather  than 
to  increase  the  total  unit  cost  of  moving  the  material. 
For  a  proper  understanding  of  this  matter  it  is  neces- 
sary to  keep  in  mind  the  fact  that  the  drilling  and  blast- 
ing involved  in  highway  grading  is  very  different  from 
that  encountered  in  any  of  the  other  common  lines, 
such  as  quarrying,  mining,  or  tunneling.  The  road- 
way and  grade  are  laid  out  without  much  reference  to 
such  factors  as  the  dip  or  strike  of  the  strata,  or  to  the 


Figure  3. — Under  Average  Highway  Conditions  Pooh 
Blasting  Such  as  This  Is  Likely  to  Increase  the  Cost 
of  Handling  Material  as  Much  as  25  Cents  Per  Cubic 
Yard 

bedding  planes,  seams,  or  stratification  of  the  material 
which  is  to  be  removed.  Moreover,  the  greater  por- 
tion of  the  rock  work  is  encountered  in  sidehill  cuts  so 
that  the  depth  and  frequently  also  the  character  of  the 
material  to  be  blasted  varies  considerably  from  one 
side  of  the  road  to  the  other  as  well  as  along  the  axis  of 
the  cut.  In  fact,  it  is  not  uncommon  to  find  cuts  in 
which  no  two  drill  holes  in  a  row  are  of  the  same  depth, 
and  no  two  rows  are  alike.  The  character  of  the  rock, 
as  a  result  of  weathering,  dip  of  strata,  etc.,  may  also 
in  extreme  cases  be  different  for  practically  every  hole. 
To  develop  standard  methods  and  practices  which  under 
such  varying  conditions  will  always  produce  the  degree 
of  breakage  and  shattering  necessary  for  fast  shovel 
operation  is  naturally  difficult  and  this  superabundance 
of  variables  in  the  conditions  to  which  any  rules  or 
methods  must  be  adaptable  is  probably  the  main  reason 
for  the  present  prevalence  of  poor  blasting  in  highway 
grading  work. 

LITTLE  PROOKESS  MADE  IN  IMPKOVING  METHODS 

While  notable  progress  has  been  made  in  effecting 
higher  rates  of  production  in  practically  all  other  lines 
of  highway  work,  the  rate  at  which  drilling  and  blasting- 
is  handled  has  shown  no  appreciable  progress  during 
the  past  six  years,  for  which  the  bureau  has  available 
definite  records  based  on  production  studies  on  a  large 
number  of  going  projects.  These  data,  while  not 
sufficiently  extensive  to  be  entirely  conclusive,  are 
nevertheless  sufficient  to  indicate  that  lor  identical 
equipment  there  has  been  during  this  period  no  material 
increase  in  the  efficiency  with  which  the  drills  are 
operated,  in  the  footage  of  holes  drilled  per  hour  of 
actual  operation,  or  in  the  rate  of  production  of  the 
shovel  while  handling  blasted  material.  Nor  is  there 
any  substantial  evidence  of  a  definite  decrease  in  the 
time  losses  in  drill  operation,  in  the  amount  of  either 
drilling  or  explosives  required  per  cubic  yard  of  pay 
excavation,  or  in  the  time  losses  imposed  on  the  shovel 
by  the  operations  of  drilling  and  blasting.  However, 
the  trend   toward  the  use  of  larger  shovels  has   been 


rather  marked   and   the  proportionate  loss  of  time  has 
therefore  been  somewhat  reduced. 

From  these  indications  one  might  argue  that  further 
progress  in  handling  rock  excavation  in  highway  grading 
work  is  impossible  or  at  least  improbable;  but,  while 
the  records  of  past  performance  are  far  from  inspiring, 
they  are  not  as  hopeless  as  these  generalities  would 
indicate.  Out  of  the  71  jobs  there  were  1.")  which 
attained  practically  as  high  a  rate  of  production  in  rock 
as  is  usually  secured  in  common  excavation.  One 
group  of  I  to  I  \  yard  shovels  working  in  material  class- 
ified as  "good  to  fair  common"  operated  on  an  average 
cycle  of  21  seconds  while  moving  93,000  cubic  yards  of 
material,  while  another  group  of  shovels  of  the  same 
size  working  in  material  classified  as  "  rock,  well  blasted, 
very  few  pieces  too  large  for  dipper"  also  operated  on 
an  average  cycle  of  21  seconds  while  moving  48,000 
cubic  vards  of  material. 


Figure  4. — Almost  Any  Rock,  Whether  Stratified  or 
Massive,  and  No  Matter  How  Hard  or  Tough,  Can- 
Be  So  Thoroughly  Blasted  That  It  Can  Be  Handled 
by  the  Shovel  at  About  the  Same  Rate  as  Good 
Common.  This  Is  the  Same  Kind  of  Rock  as  Is  Shown 
i\  Figure  3 

The  average  dipper  load  of  the  shovels  working  in 
common  was  0.66  cubic  yard  of  pay  material  while  for 
those  working  in  the  well-blasted  rock  it  was  0.61  cubic 
yard.  Thus,  for  the  time  these  shovels  were  actually 
digging,  the  rate  of  moving  cubic  yards  of  pay  material 
in  well-blasted  rock  was  02  per  cent  of  the  rate  main- 
tained by  the  shovels  working  in  good  common.  But, 
probably  because  of  a  somewhat  better  supply  of  haul- 
ing equipment,  the  time  losses  on  the  rock  jobs  were 
about  6  per  cent  less  than  where  good  common  was 
being  handled,  so  that  the  actual  production  per  hour 
on  the  rock  jobs  was  only  2  per  cent  below  that  attained 
on  the  earth  jobs.  Based  on  the  total  time  the  crews 
were  on  the  job,  the  actual  production  of  pay  yardage 
was  57.5  cubic  yards  per  hour  lor  the  shovels  working 
in  good  common  and  56.4  cubic  yards  per  hour  for  the 
shovels  working  in  well-blasted  lock.  The  ordinary 
time  losses  or  delays,  while  rather  unusually  high,  were 
very  nearly  the  same  for  both  sets  of  shovels,  49  per 
cent  for  those  working  in  common  excavation  and  40 
per  cent  for  those  working  in  rock.  In  both  cases  the 
major  portion  of  these  time  losses  w  as  due  to  insufficient 
hauling  equipment . 

For  these  reasons  it  seems  necessary  to  examine  a 
little  more  closely  the  conditions  which  exist  in  drilling 
and  blasting  for  highway  grading  work.  In  the  first 
place,  we  find  that  on  the  great  majority  of  jobs  on 
which  rock  is  encountered,  it  is  usually  covered  with 
more  or  less  overburden  so  that  advance  determination 
of  such  important    factors  as  the  exact    amount,  char- 
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acter,  and  condition  of  the  rock,  the  dip  of  the  strata, 
location  of  seams  and  bedding-  planes,  etc.,  is  difficult. 
Sometimes  considerable  rock  is  encountered  where  none 
had  been  expected.  As  a  rule,  the  depth  of  rock  to  be 
removed  in  these  cuts  is  comparatively  small,  seldom 
above  20  feet,  on  many  jobs  rarely  over  4  or  5  feet, 
and  frequently  only  a  foot  or  two.  The  limitations 
placed  on  either  over  or  under  breakage  on  the  side 
slopes,  and  frequently  even  in  regard  to  the  grade  line, 
are  rather  numerous. 

Careful  consideration  must  also  be  given  to  prevent- 
ing injury  to  persons,  passing  traffic,  and  neighboring 
improvements.  The  shooting  must,  therefore,  as  a 
rule,  be  as  light  as  possible.  But  light  shooting  and 
thorough  breakage  of  the  material  can  only  be  achieved 
through  coirect  depth  and  placement  of  drill  holes 
which  have  been  properly  loaded  with  the  right  amount 
of  suitable  explosives  and  then  properly  fired.  Even 
heavy  shooting  frequently  fails  to  break  up  a  hard  or 
tough  material  properly  unless  the  charges  have  been 
both  placed  and  spaced  correctly.     (See  fig  5.)     Success 


Figure  5. — It  Takes  More  Than  Good  Intentions  to  Break 
H  ahd  and  Tough  Rock.  The  Blast  Just  Fired  Did  Little 
More  Than  Break  the  Material  into  Large  Blocks, 
Each  of  Which  Now  Forms  a  Separate  Problem 

can  be  attained  only  through  a  correct  coordination  of 
all  of  these  factors  while  a  substantial  error  in  any  one 
is  almost  certain  to  result  in  a  costly  failure.  Since 
drilling  is  usually  the  most  expensive  item  in  the  type 
of  rock  work  encountered  in  highway  grading,  while 
improper  location,  spacing,  or  depth  of  the  drill  holes  is 
also  the  most  frequent  cause  of  poorly  broken  material, 
we  shall  discuss  this  item  in  more  detail. 

METHOD  SUGGESTED  FOB  SPACING  DRILL-HOLES 

Figure  6  shows  a  part  of  a  rock  cut  where  two  rows  of 
holes  have  been  drilled.  It  will  be  observed  that  the 
holes  are  staggered.  The  relations  between  the  spacing 
of  holes,  depth  of  cut,  and  depth  of  drill  hole  below 
grade  are  expressed  as  follows : 

a  =  Ratio  of  depth  of  cut  to  spacing  of  holes 

across  cut. 
b  =  Ratio  of  depth  of  cut  to  spacing  of  holes 

from  face,  or  of  rows  across  cut. 
c  =  Coefficient   of  depth  of  drill  hole  below 
grade.     Its  value,  for  most  materials, 
lies   between   one-fourth   and   one-half, 
except  in  very  shallow  holes. 
d  =  Depth  of  cut  at  drill  hole. 
ad  =  Distance  between  holes  across  cut. 
bd  =  Spacing  of  rows  or  distance  of  holes  from 
face  of  cut. 
cad  =  Depth  of  drill  hole  below  grade  to  which 
rock  is  to  be  removed. 
d  +  cad  =  Total  depth  of  drill  hole. 


In  this  arrangement  the  drill-hole  spacings  parallel  and 
perpendicular  to  the  face  of  the  cut  are  not  equal, but  each 
is  a  function  of  the  depth.  The  depth  drilled  below  grade 
is  a  function  of  the  spacing  rather  than  the  depth. 


FACE    FROM    PREVIOUS   BLAST   OR  FRONT  OF  CUT- 


-© 


PLAN 


ELEVATION 

Figure  6. — Suggestions  for  Placing  Drill  Holes.  Dia- 
gram Shows  Part  Plan  and  Part  Elevation  of  Nearly 
Level  Through  Cut 

A  review  of  all  the  field  records  for  jobs  working  in 
reasonably  homogeneous  material  shows  that  the 
spacing  between  the  holes  in  a  row  across  the  cut 
averaged  about  three-quarters  of  the  total  depth  and 
usually  varied  from  one-half  to  slightly  more  than  the 
depth  of  the  holes.  The  spacing  of  the  holes  from  the 
face  or  between  rows  averaged  slightly  less  than  the 
spacing  between  the  holes  in  a  row.  In  such  materials 
as  ordinary  shale,  disintegrated  granite,  and  hardpan 
the  spacing  in  deep  cuts  sometimes  equaled  twice  the 
depth  of  cut  but  was  usually  about  one  to  one  and  one- 
half  times  the  depth  of  cut.  However,  there  was  a 
rather  strong  tendency  to  adopt  and  maintain  a  fairly 
constant  spacing  for  any  given  cut  regardless  of  the 
variation  in  the  depth  of  individual  holes. 

Too  frequently  the  exact  placement  of  a  hole  was 
determined  by  the  existence  of  a  good  place  to  drill 
rather  than  by  the  relative  distances  to  adjoining  holes. 
The  depth  drilled  below  grade  was  most  frequently  an 
arbitrary  constant  for  any  given  cut  with  but  little  or 
no  variation  for  different  depths  of  the  individual  holes. 
Thus,  on  one  job  on  which  the  depth  of  cut  varied  from 
2  to  10  feet  and  the  spacing  from  2%  to  6  feet,  the 
depth  below  grade  was  always  2  feet.  On  a,  second  job 
on  which  the  depth  of  cut  varied  from  5  to  20  feet  and 
the  spacing  from  4  to  10  feet,  the  depth  below  grade 
was  always  2  feet.  On  a  third  job  in  disintegrated 
granite  with  cuts  from  5  to  24  feet  and  the  spacing 
about  equal  the  depth,  the  depth  below  grade  was 
always  3  feet,  while  on  a  fourth  job  with  cuts  mostly 
10  to  20  feet  deep  and  a  spacing  of  about  12  feet  between 
holes  and  8  feet  between  rows,  the  depth  below  grade 
was  always  4  feet.  A  further  consideration  of  Figure  6 
will  help  to  illustrate  why  such  practices  are  likely  to 
result  in  improper  fragmentation  or  shattering  of  the 
rriaterial,  and  high  unit  costs. 
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UNIT  COST  HIGH  FOR  SHALLOW  (UTS 

If  the  distances  between  holes  and  rows  as  well  as 
the  depth  of  the  holes  are  given  in  feet  with  the  desig- 
nations as  indicated  in  Figure  6,  we  note  that  the  vol- 
ume of  material  above  grade  line  may  be  expressed  in 
cubic  yards  for  each  hole  as: 


v= 


a  ltd 
27 


while  if  D  be  used  to  designate  the  linear  feet  of  drilling 
required  per  cubic  yard  of  pay  material,  we  have: 


/>  = 


27  (1+ac) 
abd2 


Thus,  within  those  limits  in  which  the  ratio  of  the 
spacing  of  holes  and  rows  as  well  as  depth  below  grade 
holds  true,  the  volume  of  pay  material  per  drill  hole 
varies  directly  as  the  cube  of  the  depth  of  the  cut  and 
the  amount  of  drilling  per  cubic  yard  of  pay  material 
varies  inversely  as  the  square  of  the  depth  of  the  cut. 
The  amount  of  explosives  required  per  cubic  yard  of 
any  given  material,  however,  varies  only  slightly  with 
the  depth  of  the  hole.  These  facts  help  to  explain  why 
the  unit  cost  of  removing  shallow  cuts  of  hard  rock  is  so 
high. 

If  we  consider,  for  example,  four  cuts  of  the  same 
kind  and  character  of  uniform  solid  rock,  the  first  of 
which  is  2  feet  deep,  the  second  4  feet,  the  third  8  feet, 
and  the  fourth  10  feet  deep,  in  which  both  rows  and 
holes  can  be  spaced  at  three-quarters  of  the  depth  of  the 
cut  and  the  depth  to  which  the  holes  must  penetrate 
below  the  grade  is  one-fourth  of  the  spacing  between 
holes,  then  the  amount  of  drilling,  in  linear  feet, 
required  per  cubic  yard  of  pay  material  for  each  cut  is 
as  follows : 

2-foot  cut 14.  25 

4-foot  cut 3.  56 

8-foot  cut .  89 

16-foot  cut .  22 

Thus,  if  the  cost  of  drilling  be  30  cents  per  linear  foot, 
as  is  frequently  the  case,  then  the  cost  of  drilling  alone 
is  $1.07  per  cubic  vard  of  pay  material  for  the  4-foot 
cut,  $0.27  for  the  8-foot  cut,  $0.07  for  the  16-foot  cut, 
and  the  entirely  prohibitive  figure  of  $4.27}o  for  the 
2-foot  cut.  Even  in  the  case  of  the  4-foot  cut,  the  cost 
of  the  drilling  alone  is  higher  than  the  price  frequently 
bid  for  moving  solid  rock,  wdiile  on  the  other  hand  in 
the  case  of  the  16-foot  cut  the  unit  drilling  cost  becomes 
but  a  relatively  small  item  in  the  total  cost  of  moving 
the  material. 

PROCEDURE  MUST   BE   VARIED  TO  FIT  ACTUAL  CONDITIONS 

The  amount  of  explosives  required  per  cubic  yard  id' 
matei  ml  tends  to  remain  much  more  nearly  constant, 
increasing  only  slightly  as  the  depth  of  the  holes 
decreases.  Both  theory  and  practical  experience  indi- 
cate that  in  shallow  cuts  it  is  cheaper  to  drill  propor- 
tionately much  deeper  below  grade  than  is  advisable  in 
the  deeper  cuts.  This,  of  course,  requires  more  explos- 
ives in  moving  nonpay  material  but  decreases  very 
materially  the  unit  cost  per  cubic  yard  for  the  total 
combined  operations  id'  drilling  and  blasting.  Exper- 
ience has  also  shown  that  in  very  deep  cuts  of  tough, 
very  blocky,  or  nonuniform  rock  thorough  breakage 
can  not  readily  be  accomplished  if  the  holes  are  spaced 
as  far  apart  as  theory  would  indicate  to  be  possible. 


While  in  most  rockwork  encountered  in  highway  grad- 
ing the  spacing  both  between  holes  in  transverse  rows 
and  of  rows  from  the  face  or  from  each  other  bears 
some  fairly  definite  relation  to  the  depth  of  cut  in  that 
particular  material,  there  is  both  an  upper  and  a  lower 
limit  fixed  hugely  by  considerations  of  cost  and  the  diffi- 
culty of  effecting  the  proper  degree  id'  fragmentation. 
These  limitations  can  be  expressed  as  follows. 

The  spacing  of  drill  holes  both  from  the  face  and 
from  each  other  should  be  proportioned  to  the  depth  of 
cut  at  that  point,  except  that  only  in  the  most  excep- 
tional cases  where  is  it  impractical  to  drill  the  holes  at 
least  4  feet  deep  need  the  spacing  of  rowrs  ever  be  less 
than  3  feet  from  the  face  or  between  rows.  For  most 
rock  the  spacing  between  holes  need  never  be  less  than 
4  feet,  provided  that  the  total  depth  of  the  hole  is  not 
less  than  4  feet  and  penetrates  at  least  a  foot  and  a 
half  below  the  level  to  which  the  material  must  be 
removed.  In  very  tough  or  blocky  material,  a  spacing 
of  over  10  to  12  feet  will  usually  require  the  drilling  of 
secondary  holes  to  about  one-third  to  one-half  the 
depth  of  the  cut  in  the  middle  of  the  areas  formed  by  a 
hole  at  each  corner.  These  secondary  holes,  as  well  as 
any  supplementary  charges  in  the  stem  of  the  main 
holes,  are  then  fired  simultaneously  with  the  main 
charges.  This  method  should  give  good  breakage  for 
cuts  up  to  20  feet,  which  probably  is  close  to  the  limit 
of  the  present  economic  depth  of  a  single  lift  in  most 
rock  materials.  In  sidehill  work  considerable  care 
must  be  taken  in  arranging  the  layout  of  the  drill  holes  in 
order  to  prevent  a  too  wide  spacing  for  the  shallow  holes. 

As  has  already  been  indicated,  it  is  usually  found 
advisable  to  drill  the  very  shallow  cuts  considerably 
below  grade  in  order  to  permit  a  wider  spacing  and  so 
reduce  the  drilling  cost.  While  a  strict  adherence  to 
the  rather  general  practice  of  spacing  the  holes  three- 
quarters  of  the  depth  of  the  cut  would,  in  a  2-foot  cut, 
require  over  14  feet  of  hole  per  cubic  yard  of  pay 
material,  according  to  the  formula  given  above,  the 
drilling  of  4-foot  holes  4  feet  apart  and  3  feet  from  the 
face  would  reduce  the  drilling  to  about.  4.5  feet  of  hole 
per  cubic  yard  of  pay  material.  The  total  amount  id' 
powder  required  per  cubic  yard  of  pay  material  would 
probably  be  about  doubled,  but  this  would  be  largely 
compensated  for  by  the  saving  in  blasting  caps,  wiring, 
and  time  and  trouble  of  loading.  Where  hard  shoot- 
ing is  permissible  the  total  cost  of  drilling  and  blasting 
a  cut  as  shallow  as  2  feet  can  be  still  further  reduced 
by  additional  increases  of  the  depth  and  spacing  of  the 
holes  and  the  amount  of  explosives.  This  is  especially 
true  for  materials  which  are  not  very  difficult  to  frag- 
ment or  shatter  properly.  Increasing  the  depth  of  the 
holes  in  the  above  2-foot  cut  to  5  feet  and  the  spacing 
to  5  and  4  feet,  respectively,  would  require  only  about 
3.38  feet  of  drilling  per  cubic  yard  of  pay  material,  a 
saving  of  about  1.1  feet  of  drilling  at  the  cost  of  an 
increase  of  about  one-fourth  to  one-half  pound  of  ex- 
plosives per  cubic  yard  of  pay  material.  Figure  7 
illustrates  the  difficulties  of  drilling  and  blasting  in 
shallow  cuts  of  hard  rock. 

On  a  fewr  jobs  it  was  found  advantageous  to  use  two 
different  depths  of  hole.  For  example,  for  one  blast 
the  first  holes  were  drilled  about  IS  feet  deep  (3  feet 
below  grade)  with  a  spacing  of  12  feet  across  the  cut 
and  about  11  feet  between  the  rows  which  were  not 
staggered.  A  second  set  of  holes  was  then  drilled  in 
the  center  of  the  squares  formed  by  the  four  holes  to  a 
depth  of  about  7  feet,  or  not  quite  through  the  hard  top 
strata  wdiich  rested  on  a  thin  seam  of  softer  material. 
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The  dee])  holes  were  sprung  and  the  principal  charge  while  the  average  actual  cutting  rate  of  the  drills  in 

placed  at  the  bottom  with  a  smaller  charge  in  the  stem  some  materials  was  nearly  75  per  cent  more  than  in 

above  the  soft  material.     The  shallow  boles  were  only  others,  the  actual  production  of  linear  feet  of  completed 

lightly  sprung  so  that  the  charge  occupied  slightly  more  drill  hole  per  hour  during  the  time  the  crew  was  out  on 

than  one-half  the  depth.     The  explosive  was  40  per  the  job  was  much  more  nearly  uniform  and  the  maxi- 

cent  dynamite  and  all  charges  were  fired  simultaneously,  mum  difference  in  actual  production  of  finished  drill 

hole  per  drill  was  less  than  35  per  cent. 


Figure  7. — Shallow  Cuts  in  Hard  Rock  Always  Prove 
Expensive.  Although  the  Contractor  Spent  $2  per 
Cubic  Yard  on  Drilling  and  Blasting  in  This  Cut 
(Mostly  2  to  4  Feet  Deep),  the  Rock  Was  Still  So 
Poorly  Broken  That  the  Cost  of  Getting  It  into  the 
Fill  Added  Over  Another  Dollar 

drilling  costs  and  rate  of  production  discussed 

On  typical  projects  the  average  cost  of  drilling  in  fairly 
hard  uniform  rock  with  the  customary  jackhammers 
(see  fig.  8)  was  nearly  30  cents  per  linear  foot  of  finished 
hole.  Largely  because  of  the  varying  nature  of  the 
rock  the  drilling  cost  per  loot  varied  over  a  wide  range 
and  occasionally  reached  about  double  this  figure.  One 
rather  extensive  job  on  which  the  average  depth  of  the 
holes  was  5  feet  with  most  of  the  cuts  from  2  to  5  feel 
deep,  required  2.85  linear  feet  of  drill  hole  per  cubic 
yard  of  rock  at  a  cost  of  $1 .60  per  cubic  yard  or  56  cents 
per  linear  foot  of  drill  hole  for  the  drilling  alone.  On 
the  other  hand,  on  some  jobs  involving  mostly  deep 
holes  the  drilling  per  cubic  yard  was  sometimes  as  low 
as  0.1  foot.  There  is  no  definite  indication  that  the 
net  hourly  rate  of  drilling  is  appreciably  faster  for 
shallow  than  for  deeper  holes,  except  in  materials  which 
give  trouble  from  sticking  or  broken  drills.  The 
slightly  larger  time  losses  in  the  deeper  holes  from 
changing  steel,  blowing  holes,  etc.,  seem  to  be  largely 
compensated  for  by  the  fewer  moves  until  a  depth  of 
about  '20  feet  is  reached,  after  which  the  rate  slows  up. 
All  but  live  of  the  rock  jobs  studied  used  air-driven 
jackhammer  drills  weighing  about  70  pounds  each  and 
all  statements  and  conclusions  are  based  on  the  use 
of  drills  of  approximately  this  size  and  type. 

The  rate  of  drilling  varies  with  the  material,  the  type 
of  equipment,  and  the  management.  On  some  indi- 
vidual jobs  over  00  per  cent  of  the  time  the  drilling 
crew  was  out  on  the  job  was  unproductive.  The  rate 
of  production  per  elapsed  hour  was  therefore  low  on 
these  jobs,  regardless  of  the  kind  of  material.  Table  2 
shows  the  average  rates  obtained  on  all  the  jobs  for 
which  complete  data  were  available,  the  net  rate  while 
the  drill  was  actually  in  operation,  and  the  causes  of 
the  more  persistent  delays. 

The  materials  listed  in  Table  2  have  been  grouped  in 
accordance  with  their  apparent  ease  or  difficulty  of 
drilling  as  indicated  by  these  studies  rather  than  accord- 
ing to  the  usual  classification.     The  table  shows  that 


Table  2. — Average  rates  of  production  ami  time  losses  for  drilling 
in  various  materials;  60  to  70  pound  jackhammers  used  in  most 
cases 


Sand- 
stone, 
hard 
Item                              shale, 
uem                           hardpan, 
disinte- 
grated 
granite 

Granite. 

port  hyry, 

felsite, 

trap, 

basalt 

Hard 
limestone, 
stratified 

but  of 
uniform 
hardness 

Lime- 
stone. 

stratified. 

with  clay 

seams 

Weighted 
general 
average 

of  studies 

1  eel    drilled    pit    hour,    total 
study  time  .  -. 

Feet 
13.8 
36.2 

Feet 
14.8 

28.  'J 

Feet 
15.  5 
24.2 

Feet 
11.5 

21.2 

Feet 
1 1  2 

While  drill  was  id  operation 

26.  1 

DELAYS  DIKING  STOP-WATt'Il   STUDIES' 


Change  drills_    

Clean  or  blow  holes   . 
steel  stuck  or  broken. 

Move  to  new  hole 

Springing  holes 

i >perator 

Mechanical  trouble. . 

Nosteel         

Miscellaneous 


Total  lost  time  while  out  on  job 


12.  1 
23.4 
15.  8 

2.  .i 


3.  2 


62.0 


9.8 
10.0 
7.6 
1  '.) 
1.5 
4.4 
2.2 
3.8 
4.4 


■is  6 


7.  1 
4.0 
5.3 
7.  2 
L0 
4.7 
3.2 
1.7 
1.9 


7.8 
14.0 
5.3 
3.4 
1.  7 
4.0 
2.0 
.5 
7.  1 


36.  1 


45.  x 


8.9 
11.  1 
7.3 
4.0 
1.4 
4.0 
2.0 
2.6 
4.3 


45.6 


1  Delays  are  tabulated  in  percentage  of  mailable  working  time 


Figure  8. 


-General  Type  of  Jackhammer  Drills  Used 
in  Highway  Work 


The  time  losses  or  delays  in  the  easily  drilled  rocks 
of  the  first  group  were  so  large  as  more  than  to  counter- 
balance the  gainful  effects  of  easy  drilling.  The  chief 
delays  were  due  to  cleaning  the  holes  and  stuck  or 
broken  drills.  These  causes  accounted  for  about  two- 
thirds  of  the  total  time  losses  in  the  soft  or  decomposed 
materials,  as  against  one-third  for  the  same  items  in  the 
igneous  rocks  of  the  second  group.  The  poor  showing 
in  regard  to  actual  cutting  rate  in  the  stratified  lime- 
stones was  hugely  due  to  the  caution  continually  ex- 
ercised by  the  drill  operators  to  avoid  crooked  holes  and 
stuck  drills.  That  such  caution  can  be  made  to  pay  is 
evident  from  the  fact  that  while  the  cutting  rate  in 
hard  stratified  limestone  was  25  per  cent  less  than  for 
the  rocks  of  the  first  group,  the  actual  production  in 
finished  drill  holes  was  over  12  per  cent  greater.  The 
generally  rougher  country  in  which  the  igneous  rocks 
are  usually  encountered  is  reflected  in  the  difficulty  of 
keeping  the  drill  operators  supplied  with  steel.  For 
the  igneous  group  3.8  per  rent  of  the  otherwise  available 
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working  time  was  lost  on   this  account,  as  against   a 
maximum  of  1.7  per  cent  for  any  other  group. 

AIR  PRESSURE  AND  QUALITY  OF  DRILL  STEEL  IMPORTANT 

There  are  apparently  several  other  conditions  which 
influence  the  rate  of  drilling  but  upon  which  definite 
data  are  difficult  to  obtain.  Thus,  the  rate  at  which 
the  drill  will  cut  in  a  given  rock  depends  on  the  air 
pressure  at  the  drill,  the  type  and  condition  of  the  drill 
bit,  and  the  hardness  of  the  cuffing  edge  or  the  length 
of  time  that  the  cutting  edge  remains  fit  for  rapid 
cutting. 

High  air  pressure  is  not  of  itsell  a  guarantee  of  a 
high  drilling  rate  for  the  average  job.  In  hard  rock  a 
working  pressure  of  over  100  pounds  per  square  inch  at 
the  drill  is  very  likely  to  cause  excessive  drill  breakage. 
In  a  soft,  seamy,  or  highly  stratified  rock  with  a  huge 
angle  of  dip,  working  on  full  open  throttle  at  this  pres- 
sure is  likely  to  cause  excessive  sticking.  In  rock  of 
this  kind  a  working  pressure  above  100  pounds  per 
square  inch  at  the  drill  is  not  necessary.  For  very  hard 
rock  the  present  knowledge  and  facilities  for  obtaining 
the  proper  degree  of  hardness  and  toughness  in  the 
sharpened  steel  to  withstand  this  pressure  are  not  as 
yet  available  to  the  average  highway  job. 

More  attention  should  therefore  be  given  to  perfect- 
ing both  the  steel  now  used  for  drills  and  the  methods 
of  heat  control  and  manipulation  employed  in  the  drill- 
sharpening  outfits  commonly  found  in  highway  work. 
Not  only  is  there  great  need  for  a  drill  which  will  permit 
advantage  to  be  taken  of  the  higher  cutting  rate  in 
hard  rock  which  can  be  achieved  by  the  use  of  higher 
air  pressure,  but  there  is  also  need  of  a  more  adequate 
drill  steel  or  a  means  of  hardening  and  tempering 
present  steels  so  that  they  will  better  maintain  their 
cutting  edges  and  proper  gage  sizes. 

Table  3  shows  the  effect  of  air  pressure  at  drill  on 
rate  of  cutting  hard  granite  and  hard  stratified  lime- 
stone. The  stratifications,  however,  were  all  practi- 
cally horizontal  and  therefore  did  not  add  to  the  dif- 
ficulty of  drilling. 

Table  3. — Effect  of  air  pressure  nl  drill  on  rale  of  drilling  with 

70-pound  jackhnniiiiir  in  good  condition.      Holes  S  to  15  feet  in 
both  studies 

HARD  LIMESTONE  WITH  HORIZONTAL  STRATA 


Working  pressure  at  drill 

Rate  of 
drilling 
while 
drill  was 
in  actual 
operal  ion 

Number 
of  1-hour 
studies 

56 

Pounds  lit  j  squart  inch 

Feet  per 
hmii 
110 
23.  8 
22.8 
28.9 

1 

60  to  70                                          

22 

70  to  80                                                        -----   

44 

Above  80                                                

-? 

HARD  GRANITE 

1.5 
8.7 
13,  9 
21.8 

45                                                                   

1 

50                                                                   

:i 

60  to  70                                                       - 

6 

75  to  87                                                                      ---    

5 

On  a  great  majority  of  the  jobs  studied  the  working 
air  pressure  at  the  compressor  ranged  from  SO  to  100 
pounds  per  square  inch.  Thus,  only  one  job  was  found 
which  used  a  regular  working  pressure  of  125  pounds 
and  only  one  job  using  a  regular  working  pressure  below 
70  pounds  per  square  inch.  But  the  pressure  at  the 
compressor  may  be  quite  different   from   that   at   the 


drills.  In  general,  too  little  attention  is  given  to  the 
size  or  condition  of  I  he  pipe  and  hose  lines.  Air  leaks 
were  numerous  in  most  lines.  Gage  readings  on  one 
job  showed  an  average  loss  of  1  pound  of  pressure  for 
each  16  feet  of  %-inch  hose  or  %-inch  ordinary  iron  pipe 
line  when  supplying  one  drill  at  about  7">  pounds  pres- 
sure. However,  but  few  jobs  were  found  with  a  pipe 
line  as  small  as  this.  The  more  common  size  was  1  inch 
for  the  pipe,  although  the  use  of  %-inch  hose  was  fairlj 
common.  .V  few  jobs  on  which  four  to  six  drills  were 
in  regular  use  from  a  common  pipe  line  used  2-inch 
pipe,  while  one  job  had  a  2^-inch  line.  Pipe  lines  as 
long  as  1,200  feet  were  found  in  use.  Needless  to  say, 
pipes  of  this  length  must  have  very  tight  unions  and  be 
of  sufficient  size  for  the  number  of  drills  to  be  supplied, 
or  the  working  pressure  will  be  very  low. 

TIME  LOSS  IN  UNPRODUCTIVE  OPERATIONS  DEPENDS  ON  OPERAT- 
ING SKILL.   EQUIPMENT,  AND  CHARACTER  OF  ROCK 

On  present  jobs  from  7  to  12  per  cent  of  the  working 
time  is  lost  in  changing  drills,  although  it  is  known  that 
the  practice  of  using  each  steel  until  its  full  depth  has 
been  reached  is  far  more  common  than  that  of  changing 
the  steel  when  it  has  become  dulled  to  such  extent  that 
the  rate  of  penetration  is  materially  reduced.  Thus, 
the  common  practice  is  to  cut  the  steel  into  lengths 
which  are  multiples  of  \){  or  2  feet,  the  latter  being  the 
most  common.  But  hard  and  difficult  rock  will  often 
dull  the  steel  so  much  in  drilling  1  foot  that  the  time 
required  for  the  following  G  inches  is  equal  to  that  re- 
quired for  drilling  the  first  foot.  About  the  only  times 
regular  changes  are  made  before  the  drill  length  has 
been  attained  is  when  the  drills  regularly  lose  so  much 
gage  that  the  following  drill  will  not  work  readily. 
And  even  these  conditions  are  usually  blamed  on  the 
blacksmith,  who  is  importuned  to  increase  the  die. 

The  studies  show  that  under  normal  field  conditions 
the  drill  is  cutting  rock  only  from  35  to  60  per  cent  of 
the  total  time  the  operator  is  on  the  job.  The  rest 
of  the  time  is  largely  consumed  in  performing  a  number 
of  necessary  but  unproductive  operations,  such  as 
changing  steel,  blowing  the  hole,  moving  to  the  next 
hole,  oiling  the  drill,  etc.  Frequently  additional  opera- 
tions become  necessary  or  are  added  to  the  duties  of  the 
drill  operator,  such  as  removing  a  stuck  steel,  clearing 
overburden,  bringing  up  steel,  or  springing  the  drilled 
holes.  (See  Fig.  9.)  The  amount  of  time  consumed 
in  performing  each  of  these  operations  varies  with  a 
number  of  factors,  among  which  the  skill  ami  experi- 
ence of  the  operator  and  the  kind,  character,  and  nature 
of  the  rock  play  a  very  important  part.  The  time 
studies  show  that  some  operators  regularly  consume  at 
least  twice  as  much  time  in  changing  steel  as  do  some 
others,  while  in  certain  kinds  of  rock  the  unskilled  or 
inexperienced  operator  frequently  loses  several  hundred 
per  cent  more  time  in  extricating  stuck  steel  than  his 
more  skilled  and  experienced  coworker.  The  amount 
of  time  lost  in  performing  the  various  necessary  un- 
productive operations  is  also  dependent  on  the  char- 
acter of  the  rock.  In  rock  in  which  the  drill  will  cut  at 
the  rate  of  a  loot  in  two  minutes,  the  number  of  steel 
changes  per  hour  will  ordinarily  be  about  twice  as  many 
as  in  a  rock  in  which  the  drill  will  only  cut  at  the  rate 
of  a  foot  in  four  minutes.  On  the  other  hand,  in  soft 
rock  more  time  is  usually  required  for  such  operations 
as  blowing  or  cleaning  the  hole  and  from  steel  getting 
stuck,  while  in  very  hard  rock  much  time  is  frequently 
lost  from  broken  steel,  especially  if  the  air  pressure  at 
the  drills  is  too  hisjh. 
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The  actual  time  in  which  each  individual  operation 
ran  he  performed  also  varies  with  several  factors.  For 
example,  aside  from  the  skill  of  the  operator,  the  time 
required  to  exchange  steel  varies  with  the  depth  of  the 
hole.  The  following  is  a  typical  set  of  stop-watch 
readings  of  the  exchange  time  for  an  excellent  operator 
while  drilling  a  hole  15  feet  deep  in  fairly  hard  hut 
uniform  granite:  20,  22,  25,  32,  40,  40,  47,  giving  an 
average  exchange  time  of  32  seconds  for  the  hole.  The 
first  and  second  exchanges  of  steel  are  frequently  made 


Figure  9.  In  Some  Rock  an  Inexperienced  or 
Careless  Operator  Will  Spend  Much  of  His  Time 
Removing  Stuck  Steel.  Poor  Sharpening  Equipment 
or  a  Careless  Blacksmith  Will  Intensify  This 
Trouble 

in  15  to  20  seconds  and  single  individual  readings  as  low 
as  12  seconds  are  on  the  records.  The  increase  with 
depth  is  rapid,  and  a  20  to  25  foot  steel  is  seldom  ex- 
changed in  less  than  a  minute  with  the  average  time 
nearer  2  minutes.  If  the  steel  happens  to  stick  or  bind 
in  the  chuck,  as  is  frequently  the  case,  the  exchange 
time  for  that  particular  change  may  readily  be  doubled 
or  even  trebled.  This  is  the  reason  why  the  records  of 
many  thousand  stop-watch  studies  show  an  average 
exchange  time  of  about  45  seconds  for  holes  from  12  to 
15  feet  in  depth,  while  the  individual  readings  range 
from  12  seconds  to  somewhat  over  6  minutes,  and  the 
percentage  of  the  operator's  time  consumed  in  exchang- 
ing steel  varies  from  less  than  3  per  cent  to  over  25  per 
cent  with  an  average  of  8.9  per  cent  for  20  fairly  large 
jobs.     (See  Tables  2  and  3.) 

The  contractor  who  has  much  rockwork  should  there- 
fore find  it  profitable  to  give  considerable  attention  to 
the  training  of  the  drill  operators  to  perform  all  neces- 
sary operations  in  the  shortest  possible  time.  The 
drilling  crew  is  really  only  productive  when  the  drill  is 


actually  cutting  rock.  The  various  operations  which 
interfere  with  actual  production  should  therefore  be 
reduced  to  the  lowest  possible  limit.  The  contractor's 
interest  must  not  end  with  simply  insuring  a  high  utili- 
zation of  the  available  time.  He  must  also  see  that  the 
utilized  time  is  converted  into  the  greatest  possible 
number  of  linear  feet  of  properly  placed  and  spaced 
holes.  This  requires  the  constant  maintenance  of 
adequate  air  pressure  at  the  drills,  together  with  an 
abundant  supply  of  properly  sharpened  and  correctly 
tempered  steel  of  the  right  lengths  within  easy  reach  of 
the  operator.  One  of  the  surest  ways  to  make  certain 
a  low  production  from  the  drilling  crew  is  to  permit  any 
one  of  the  following  to  occur:  Low  air  pressure  at  drills, 
too  soft  or  too  hard  steel,  poorly  sharpened  or  poorly 
gaged  steel,  or  requiring  the  drill  operator  to  bring  up 
his  own  steel  or  to  move  a  heavy  overburden  in  order  to 
locate  the  holes.  Under  many  conditions  any  one  of 
these  can  readily  reduce  production  more  than  25  per 
cent,  and  if  two  or  more  are  allowed  to  occur  simultane- 
ously production  may  readily  drop  to  one-half  of  what 
would  otherwise  be  possible. 

AMOUNT  OF  EXPLOSIVES  USED   VARIES  WIDELY 

The  amount  of  explosives  required  per  cubic  yard  of 
identical  pay  materials  is  generally  larger  in  highway 
grading  than  in  most  lines  of  rock  work,  since  it  is  so 
essential  that  all  the  material  be  broken  into  fragments 
small  enough  to  permit  fast  and  steady  operation  of  the 
shovel.  In  most  highway  work  this  does  not  mean  the 
use  of  exceptionally  large  single  charges  but  rather  closer 
spacing  of  holes,  lifts  of  moderate  depths,  and  a  careful 
proportioning  and  placing  of  the  charges  of  the  proper 
land  of  explosive  so  as  best  to  utilize  the  full  force  of  the 
explosion  in  loosening  and  shattering  the  material.  In 
very  hard,  tough  material  the  holes  should  always  be 
sprung  so  as  to  form  a  cavity  or  chamber  of  sufficient 
size  to  accommodate  most  of  the  charge  at  the  bottom 
of  the  drill  hole.  The  same  is  also  true  of  deep  holes  in 
the  softer  rocks,  except  when  the  danger  of  losing  the 
hole  by  the  springing  is  too  great.  To  form  this  cavity 
in  hard  rock  may  require  the  firing  in  each  hole  of  as 
many  as  five  or  six  gradually  increasing  successive 
charges  of  high-strength  explosive.  On  most  of  the 
jobs  studied  one  to  three  successive  charges  usually 
proved  sufficient  to  spring  the  holes,  although  one  single 
hole  has  a  record  of  1G  successive  charges. 

Table  4  shows  for  a  number  of  jobs  the  amount  of 
explosives  used  both  for  springing  and  blasting  and  also 
certain  other  pertinent  data  as  to  the  type  of  explosive, 
average  depth  of  holes,  and  the  condition  of  the  material 
after  the  blast.  The  two  columns  showing  respectively 
average  depth  and  average  spacing  of  the  holes  give 
the  arithmetical  averages  for  all  holes  for  which  com- 
plete data  were  available.  Since  sidehill  cuts  predomi- 
nated on  all  but  three  jobs  (1,  2,  and  5)  these  figures 
give  only  a  roughly  approximate  measure  of  either  the 
actual  depth  or  the  actual  spacing  of  the  individual 
holes  and  were  added  only  to  give  a  general  idea  of  the 
nature  of  the  work. 

Table  4  shows  that  the  average  amount  of  explosive 
used  per  cubic  yard  of  rock  on  each  of  these  jobs  varied 
from  0.50  to  1.90  pounds,  and  that  the  job  using  the 
smallest  amount  of  explosive  resulted  in  good  breakage 
of  the  material  while  the  breakage  on  the  job  using  the 
most  explosive  was  very  poor.  This  helps  to  emphasize 
the  fact  that  good  breakage  or  fragmentation  can  be 
obtained  fairly  easily  in  some  materials,  but  is  difficult 
to  obtain  at  all  in  others,  and  especially  so  in  shallow 
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cuts  of  tough  material.  The  poor  results  on  job  No.  10 
can  be  ascribed  very  largely  to  the  fact  that  the  holes 
were  not  sprung.  Consequently,  the  charge  in  a  5-foot 
hole  usually  came  within  about  18  inches  of  the  top, 
which  was  insufficient  space  for  proper  tamping  even 
when  60  per  cent  dynamite  was  used.  Near  the  close 
of  the  studies,  springing  the  holes  three  times  with  one- 
half,  one,  and  two  1%  by  8  inch  sticks  of  60  per  cent 
dynamite  was  tried,  with  the  net  result  that  the  use  of 
the  same  total  amount  of  explosive  per  cubic  yard 
gave  a  better  fragmentation  with  a  spacing  of  4  by 
4%  feet,  than  had  been  obtained  from  a  3  by  3  foot 
spacing  of  unsprung  holes.  This  wider  spacing  required 
only  half  the  amount  of  drilling  previously  necessary. 

Table  4. — Average  amount  of  explosives   used  per  cubic  yard  of 
pay  material  on  17  typical  jobs 


Job 

No. 


Explosive  per  cubic  yard 


Dynamite  or   Black 
gelatin       \  *»* 


Total 


Spring- 
ing 
holes 

Pounds 
0.04 

.55 
.27 
.01 
.25 
.06 
.02 


Blast-!  Blast- 
ing I   ing 


Lbs. 


Lbs.    Lbs. 
0.  85     0.  89 


0.44 
"'.65 
"."03" 
16 


.02 

.17 

(0 

1.90 

.25 

.75 

2  .  55 

1.00 

.  14 

.59 

.10 

.50 

.18 

.75 

.15 

.87 

.10 

.47 

1.06 
.45 


.50 


1.53 
.71 
.56 
1.10 
1.12 
.50 


1.90 

1.00 
1.55 
.73 
.60 
.93 
1.02 
.57 


Condition 
of  material 
for  mov- 
ing with 
shovel 


Poor 

Poor 

Good 

Fair 

Poor 

Good 

Good 

Fair 

Good 

Very  poor 

Poor 

Good 

Fair 

Good 

Fair 

Good 

Good 


Kind  of  material 


Soft     and     seamy 
granite. 

Hard  basalt 

Massive  granite 

Conglomerate 

Stratified  limestone 

Shale 

Disintegrated  gran- 
ite. 
Stratified  limestone 
and  shale. 

Seamy  basalt .. 

Hard  granite 

Very  hard  ganite  - . . 

Very  hard  felsite 

Hard  schist.. 

Foliated  granite 

Hard  granite 

Very  hard  granite. . 
Soft  granite _ 


Aver- 
age 
depth 
of  holes 
(ap- 
proxi- 
mate) 


Average 
spacing 
of  holes 
(approxi- 
mate) 


Feet    I      Feet 
30      25  by  18. 


19  by  19. 
10  by  8. 
Variable 
15  by  12. 
12  by  12. 
Variable. 

10  by  10. 

15  by  15 
3  by  3. 

8  by  8. 

7  by  7. 

9  by  9. 

10  by  10. 
8bv8. 

8  by  8. 
10  by  10. 


1  Near  close  of  studies  springing  was  begun  using  approximately  0.30  pound  of  60 
per  cent  dynamite  per  cubic  yard  for  springing  and  1.60  pounds  for  blasting. 

2  Part  of  this  was  used  in  burning  the  deeper  holes  to  keep  drills  from  sticking. 

CHARGES  SUGGESTED  FOR  FIRST  TRIAL  SHOTS 

In  shale,  hardpan,  and  some  soft  or  partly  disin- 
tegrated rocks  the  use  of  a  black  powder  is  usually 
preferable,  as  these  blasting  powders  are  much  slower 
in  action  and  give  a  very  large  volume  of  gas  which 
exerts  a  lifting  or  heaving  action  that  is  very  effective 
in  this  type  of  material.  The  ordinary  black  powder 
can  only  be  used  in  dry  holes;  and,  since  both  sidehill 
and  through  cuts  in  road  work  are  likely  to  be  more  or 
less  wet,  a  low-strength,  slow  dynamite  or  blasting 
gelatin  must  generally  be  used.  Figure  10  shows  the 
results  produced  by  an  explosive  charge  of  this  type. 
Because  of  the  prime  importance  of  insuring  good  frag- 
mentation, the  use  of  a  rather  high-strength  dynamite  or 
blasting  gelation  is  generally  found  most  satisfactory 
for  the  harder  rocks.  For  the  first  trial  purposes,  a 
blasting  charge  of  1  to  1 }{  pounds  of  50  per  cent  or  60 
per  cent  dynamite,  or  its  equivalent,  per  cubic  yard 
of  burden  is  suggested  for  untried  materials  of  a  hard 
and  tough  character.  These  suggestions  are  given  in 
outline  form  in  Table  5. 

For  the  first  trial  only  enough  holes  should  be  drilled 
and  fired  to  make  a  fair  test  of  what  this  spacing  and 
loading  will  do  in  the  given  material.  From  this  evi- 
dence either  the  spacing  or  the  loading  or  both  should 
be  modified  as  the  results  indicate  to  be  necessary  or 
advisable.  Table  5  is  intended  for  trial  use  only  where 
the  depth  of  cut  is  between  5  and  20  feet. 


Table  5. — Suggestions  for  spacing  of  drill  holes  and  amounts  of 
explosives  for  the  first  trial  shots  in  unfamiliar  matt  rials  where 
hard  shooting  is  permissible 


l  \  pe  c;  material 


spuing  of     Coeffi-    ,>„.„,.,,. 
drill  holes  '     cicnt  i     l'"""^ 

of<H>i.ti>  "f^rv- 

of  hole 


Any  rock  exceptionally 
difficult  to  shatter. 

Most  hard,  dense,  un- 
weathered  ledge  rock. 

All  medium  hard,  weath- 
ered, or  partly  disin- 
tegrated rock;  those 
which  shatter  readily 
and  very  hard  shales. 

Ordinary  shale,  hardpan, 
and  similar  materials. 


below 


per  cubic 


yard  of 
burden 


Use  an  explosive  eouh  a- 
lent  to— 


i  to  m 


60     per     cent 

dynamite. 
JO     per     cent 

dynamite, 
to     per     cent 

dynamite,   o 

powder     if    holes 

dry. 


straight 
straight 


straight 

blasting 

are 


7k  to  I  Blasting  powder  if  holes 
are  dry;  otherwise  20 
per  cent  straight  dyna- 
mite. 


i  See  Figure  6  and  text,  p  296. 

2  The  loading  suggested  is  net  amount  of  explosives  for  actual  blast,  and  does  not 
include  amount  required  for  springing  holes. 


"M 


'•'JMT       - 


*;  -  '**"'  if  ^  '  •'. 


Figure  10. — For  Most  Shales,  Hard-Pans  and  Partly 
Disintegrated  Rocks  an  Explosive  Having  a  Slow, 
Heaving  Action  Is  Best.  This  18-Foot  Lift  Was 
Thoroughly  Broken,  Although  the  Only  Surface 
Indications  Were  a  Few  Cracks  and  a  Heave  or 
Bulge  Above  the  Original  Ground  Line 

Following  is  the  procedure  for  finding  the  actual 
amount  of  explosive  which  should  be  placed  in  each 
hole.  Measure  the  depth  of  the  hole,  its  distance  from 
the  next  hole  in  the  same  row,  and  also  the  distance 
from  the  hole  to  the  face  or  to  the  next  row  of  holes. 
Multiply  these  three  distances  together  and,  if  in  feet, 
divide  the  product  by  27.  The  quotient  is  the  "bur- 
den" on  this  hole  in  cubic  yards.'  Multiply  this  burden 
by  the  amount  of  explosive  to  be  used  per  cubic  yard. 
This  gives  the  amount  of  explosive  to  be  placed  in  that 
hole.  Thus,  if  a  hole  is  13  feet  deep  and  the  spacing  is 
6  and  7  feet,  respectively,  then  the  burden  is 


13X6X7 

27 


20.2  cubic  yards. 


If  the  rock  is  very  hard  and  tough  so  that  \)'%  pounds  of 
dynamite  are  required  per  cubic  yard,  then  the  charge 
for  this  hole  will  be 

20.2X1%  =  22.7  pounds. 

For  shale,  hardpan,  or  soft  or  partly  disintegrated 
materials  the  trial  charge  might  well  be  either  a  coarse 
blasting  powder;  if  the  holes  are  wet,  a  slow  dynamite 
should  be  used.  If  the  ground  will  permit  springing 
without  the  loss  of  too  many  holes  they  should  always 
be  sprung  sufficiently  to  chamber  practically  the  entire 
charge  and  should  be  loaded  and  tamped  as  indicated 
in  Figure  1 1 . 
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When  there  arc  intervening-  or  alternating  strata  of 
hard  and  soft  material,  closer  than  normal  spacing  will 
usually  be  required  and  a  portion  of  the  charge  in  the 
form  of  dynamite  should  he  placed  in  the  stem  of  the 
hole  within  the  hard  strata  as  indicated  in  Figure  11. 
These  auxiliary  charges  in  the  stem  should  all  be  fired 
simultaneously  with  the  main  charge  by  means  of  inde- 
pendent caps  and  primers  wired  to  the  same  circuit. 
This  method  should  give  fairly  satisfactory  results  as  far 
as  fragmental  ion  is  concerned,  provided  that  the  greatest 
spacing  of  the  holes  and  rows  in  fairly  hard  or  tough 
material  is  not  more  than  three-quarters  the  depth  of 
the  cut,  and  that  these  holes  penetrate  sufficiently 
below  grade  to  leave  no  hard,  projecting  points  between 
adjacent  holes.  If  the  trial  blast  shows  insufficient 
fragmentation  the  amount  of  explosive  maybe  increased, 
or  if  much  of  the  material  is  broken  too  large  the  spacing 
should  be  decreased.  Since  the  burden  on  any  hole 
of  a  given  depth  varies  directly  as  the  product  of  the 
spacings  between  holes  and  rows,  the  amount  of  explo- 
sive placed  in  each  hole  should  be  varied  proportionally 
whenever  the  distance  between  holes  and  rows  is 
increased  or  decreased. 

Special  care  should  always  be  taken  to  make  certain 
that  the  holes  along  the  ditch  or  slope  lines  are  placed 
and  spaced  correctly  and  are  of  sufficient  depth  to  insure 
full  breakage  to  the  bottom  of  the  established  ditch  line. 
In  deep  cuts  of  difficult  materials  where  the  require- 
ments as  to  slope  smoothness  are  severe  it  is  frequently 
advantageous  to  drill  the  slope  or  ditch  holes  at  about 
the  same  angle  as  the  specified  side  slope.  Then, 
instead  of  placing  the  entire  charge  at  the  bottom  of  the 
hole  a  part  is  placed  in  the  stem  as  a  secondary  charge, 
which  is  primed  and  wired  so  as  to  explode  simul- 
taneously with  the  main  blast. 

CLOSKH    SPACING    NECESSARY    WHERE   HEAVY   SHOOTING    IS    NOT 
PERMISSIBLE 

Where  heavy  shooting  is  not  permissible  the  only  way 
in  which  good  fragmentation  can  be  obtained  i^  by  a 
closer  spacing  of  the  holes.  But  drilling  is  expensive. 
A  foot  of  drill  hole  seldom  costs  less  than  a  pound  of 
high-grade  explosive  and  frequently  as  much  as  2 
pounds.  The  spacing  should  therefore  be  the  greatest 
at  which  sufficient  fragmentation  to  permit  easy  shovel 
operation  can  be  achieved  within  the  limits  of  the 
heaviest  permissible,  shooting.  In  very  hard,  tough 
rock  this  maximum  permissible  spacing  is  sometimes 
as  low  as  one-half  and  seldom  exceeds  three-quarters 
the  depth  of  the  cut  for  cuts  less  than  16  feet  deep, 
and  probably  rarely  exceeds  12  feet  of  actual  distance 
for  cuts  over  16  feet,  unless  supplementary  charges  are 
placed  in  the  stem  of  the  original  or  master  holes  and 
also  in  holes  which  have  been  drilled  to  within  one-third 
to  one-half  the  depth  of  the  cut  near  the  middle  of 
each  quadrilateral  formed  by  four  deep  holes. 

SUMMARY  OF  FACTS  BROUGHT  OUT  BY  STUDY 

The  sole  purpose  of  drilling  and  blasting  in  highway 
grading  work  is  to  condition  the  material  for  removal, 
usually  with  a  power  shovel.  Moreover,  the  daily  or 
hourly  cost  of  the  power-shovel  grading  outfit  is  high— 
usually  between  $15  and  $25  an  hour— and  practically 
constant  whether  the  rate  of  production  is  high  or  low. 
Low  production  cost  can  therefore  only  be  obtained 
through  high  production;  but  in  order  to  maintain  a 
high  production  rate  the  blasting  must  be  thorough  and 


WIRE  TO  PRIMER 
IN  STEM  CHARGE 


WIRE  TO  PRIMER 
IN  MAIN  CHARGE 


BLASTING  WIRE,CORDEAU  OR 
FUSE  3 


■d 


id 


for  nonuniform, stratified        for  uniform  hard  materials 
or  seamy  materials 

Figure  11. — Suggestions  for  Locating  the  Blasting 
Charge.  Holes  Should  Be  Sprung  Until  the  Desired 
Amount  of  Explosive  Will  Not  Occupy  More  Than 
One-Third  of  Total  Depth.  In  Material  Which  Is 
Hard  to  Shatter  Properly,  a  Small  Charge  of  High- 
Strength  Explosive  Should  Also  Be  Placed  in  the 
Stem  Whenever  the  Distance  to  the  Nearest  Hole 
Exceeds  8  Feet.  No  Stem  Charge  Should  Have 
Less  Than  2  Feet  of  Tamping  Over  It 

sufficient  to  shatter  the  material  into  fragments  small 
enough  for  ready  handling  by  the  shovel.  The  blasting 
must  also  proceed  sufficiently  ahead  of  the  shovel  so 
that  there  will  be  no  appreciable  delay  from  waiting  for 
the  blasting  to  be  done.  This  means,  in  general,  that 
the  blasting  of  each  cut  should  be  completed  before 
work  is  begun  on  that  cut  by  the  shovel.  On  this 
account,  road  work  seldom  affords  much  opportunity 
for  firing  the  various  rounds  against  a  free  face  as  in 
quarry  work.  As  a  result,  relatively  more  explosive  is 
required  and  relatively  closer  spacing  of  holes  is  neces- 
sary in  order  to  insure  proper  fragmentation. 

Perhaps  the  most  significant  feature  disclosed  by 
this  study  of  drilling  and  blasting  in  highway  grading 
work  is  the  very  general  absence  of  that  grade  of  super- 
vision, organization,  and  matured  planning  wdiich  is 
given  to  the  remainder  of  the  job.  Frequently  all  de- 
cision as  to  such  important  points  as  the  location, 
spacing,  and  depth  of  holes  is  left  entirely  to  the  drillers. 
Too  often  this  results  in  the  holes  being  placed  where 
it  is  convenient  to  drill  rather  than  where  they  will  do 
the  most  good.  This  lack  of  planned  direction  usually 
also  extends  to  the  method  of  loading  and  the  amount 
of  explosives  used  in  each  individual  hole.  With  such 
conditions  forming  the  general  rather  than  the  excep- 
tional practice,  there  is  no  wonder  that  nearly  three- 
quarters  of  all  rock  jobs  reported  the  shooting  as  un- 
satisfactory from  the  viewpoint  of  fast,  easy  shovel 
operation.  All  the  available  data  indicate  that  the  cost 
of  this  poor  shooting  is  as  high  and  (if  we  include  the 
usual  pop  holes  to  attain  grade  and  the  block  holes  and 
mudcaps  necessary  to  break  up  boulders)  frequently 
much  higher  than  on  those  jobs  where  the  shooting  is 
good.  For  similar  conditions  and  materials,  the  poorly- 
shot  jobs  often  actually  pay  more  per  cubic  yard  for 
their  drilling  and  blasting  than  do  those  jobs  on  which 

(Continued  on  p.  mon) 


EFFECT  OF  TYPE  OF  BREAKING  MACHINE  ON  THE 

MODULUS  OF  RUPTURE  OF  6  BY  6  INCH 

CONCRETE  BEAMS 

By  O.  K.  NORMANN,  Junior  Highway  Engineer,  Division  of  Management,  U.  S.  Bureau  of  Public  Roads 


CONCRETE  pavements  are  now  very  generally 
opened  when  the  breaking  strength  or  modulus  of 
rupture  of  beams  made  sit  the  time  the  slab  was 
placed  reaches  some  specified  value.  Various  types  of 
portable  or  semiportable  machine  are  used  for  breaking 
these  beams,  and  the  question  of  the  comparative 
values  given  by  different  types  of  machine  undei  actual 
field  conditions  is  therefore  of  prime  importance. 

During  the  course  of  some  rather  extensive  produc- 
tion studies  during  the  summer  of  1930,  an  opportunity 
arose  to  compare  the  values  obtained  under  field  con- 
ditions from  two  radically  different  types  of  beam- 
breaking  machine,  and  to  check  these  results  against 
the  values  given  by  2-point  loading  in  a  universal 
testing  machine.  These  data  indicate  that  it  would 
be  well  if  every  field  machine  could  be  calibrated  against 
the  standard  laboratory  set-up  before  it  is  placed  in 
service.  As  these  field  machines  frequently  receive 
very  rough  treatment  it  might  also  be  desirable  to  have 
this  calibration  rechecked  before  the  beginning  of  each 
subsequent  construction  season. 

The  chief  structural  difference  in  the  various  types 
of  machines  now  in  use  for  breaking  concrete  beam  test 
specimens  is  in  the  arrangement  of  the  lever  arms, 
which  produce  the  bending  moment  in  the  beam.  All 
of  these  various  arrangements  are  apparently  satisfac- 
tory so  far  as  breaking  the  test  specimens  is  concerned, 
but  differ  widely  in  the  amount  of  shearing  stress  im- 
parted while  developing  the  necessary  bending  moment . 

TESTS  MADE  WITH  THREE  TYPES  OF  BREAKING  MACHINE 

During  the  progress  of  certain  production  studies  on 
Tennessee  Federal-aid  project  212-A,  in  McNairy 
County,  involving  the  construction  of  12.34  miles  of 
concrete  pavement,  it  was  noted  that  the  modulus  of 
rupture  as  obtained  for  beams  broken  by  a  portable  mul- 
tiple-lever beam-breaking  machine  was  regularly  much 
higher  than  values  given  by  beams  broken  with  a  very 
simple  cantilever  device.  Since  two  multiple-lever 
machines,  one  simple  cantilever  device,  and  a  universal 
testing  machine  were  available,  a  series  of  eight  sets  of 
beams  were  at  once  made  and  cured  under  conditions  as 
nearly  alike  as  possible  in  every  respect.  Some  breaks  of 
each  set  were  made  by  the  simple  cantilever  device; 
others  by  one  or  the  other  of  the  two  portable  multiple- 
lever  machines,  and  still  others  were  broken  by  the  2- 
point  loading  method  in  the  universal  testing  machine. 

Three  6  by  6  by  36  inch  beams  for  each  of  7  sets  and 
one  set  of  4  beams,  or  a  total  of  25  beams,  were  made 
from  concrete  taken  from  near  the  center  of  selected 
batches  of  uniform  consistency  as  they  were  dumped 
on  the  subgrade.  The  molds,  made  of  angle  irons  with 
an  iron-plate  bottom,  were  each  filled,  spaded  once 
around  the  sides,  tamped  50  times  1  inch  from  the  side 
with  a  standard  tamping  rod,  and  then  spaded  once 
more,  after  which  the  top  surface  was  finished  with  a 
trowel.  After  being  marked  and  numbered,  the  bean  is 
were  covered  with  wet  burlap  and  allowed  to  remain 
undisturbed  in  the  molds  until  they  had  been  hauled 
to  the  curing  tank  on  the  following  day,  when  the  molds 
were  removed  and  the  beams  placed  under  water. 


Beam  1  of  each  set  was  kept  submerged  until  the 
twenty-eighth  day,  when  it  was  removed  from  the  cur- 
ing tank  and  broken  (three  breaks)  on  the  simple 
cantilever  device.  Beams  numbered  2  and  3  of  each 
set  were  removed  from  the  curing  tank  after  23  to  26 
days  of  curing,  wrapped  in  wet  burlap,  and  hauled  by 
truck  to  the  Tennessee  State  highway  laboratories, 
where  they  were  placed  in  the  moist  room  until  the 
twenty-eighth  day,  at  which  time  each  beam  was 
broken  once  in  the  50, 000-pound  universal  testing 
machine  and  then  twice  in  the  multiple-lever  type  of 
portable  beam-breaking  machine.  The  top,  or  troweled 
surface,  of  the  beam  was  always  placed  so  as  to  be  on 
the  tension  side. 

CANTILEVER  APPARATUS  DESCRIBED 

The  cantilever  apparatus  used  in  these  tests,  as  well 
as  in  breaking  a  large  number  of  other  similar  beams, 
consisted  essentially  of  (1)  a  strong  upright  post  provided 
with  a  heavy  bearing  plate  and  a  simple  clamp  for 
holding  the  beam  firmly  in  a  horizontal  position  while 
the  bending  moment  was  being  applied;  and  (2)  a 
6-foot  lever  arm,  one  end  provided  with  an  adjustable 
socket  for  attachment  to  the  beam  and  the  other  with  a 
hook  for  suspending  a  50-gallon  tank  to  which  water 
was  added  at  a  uniform  rate  until  the  breaking  point  of 
the  beam  was  reached.  The  exact  arrangement  of  the 
apparatus  as  used  on  this  work  is  shown  in  Figure  1. 
Figure  2  shows  the  details  of  a  similar  apparatus  which 
includes  such  modifications  as  three  months  of  experi- 
ence in  making  over  500  breaks  of  S  by  6  inch  beams 
with  the  first  machine  suggested  as  desirable. 

The  improvised  machine  used  on  this  job  to  break 
the  beams  in  the  field  was  of  no  standard  design  or 
make.     The  advantages  of  this  type  of  machine  are: 

(1)  Simplicity  of  design,  portability,  and  cheapness. 

(2)  The  fact  that  the  load  may  be  applied  at  a 
uniform  rate,  or  at  any  desired  rate. 

(3s)  The  fact  that  the  beam  arm  hangs  absolutely  free 
and  is  not  dependent  upon  any  ball  or  roller  bearings. 
There  is  no  system  of  levels  that  may  vary  in  length  or 
position.  The  only  variable  is  the  total  weight  of  the 
water.     This  may  be  weighed  to  the  nearest  pound. 

The  method  of  operation  was  very  simple.  The 
concrete  beam  was  clamped  to  a  bearing  plate  on  top 
of  the  wooden  post  by  means  of  two  }•_>  by  3  inch 
steel  plates.  The  large  bearing  plate  could  be  adjusted 
by  means  of  the  bolts  holding  it,  so  as  to  be  level.  The 
rear  clamp  was  not  tightened  very  hard.  If  it  had 
been,  there  would  have  been  a  tendency  for  the  beam 
not  to  be  in  contact  with  the  bearing  plate  directly 
under  the  plane  of  maximum  stress.  For  this  reason, 
both  of  the  clamps  were  left  slightly  loose  in  order  that 
the  beam  would  always  be  in  direct  contact  with  the 
breaking  edge.  The  use  of  a  heavy  but  rather  narrow 
angle  iron  dapped  into  the  front  top  edge  of  the  post  is 
suggested  for  future  machines  of  this  kind  to  replace 
the  large  bearing  plate,  while  the  two  top  clamp  plate- 
should  be  replaced  by  one  similar  angle  iron.  This 
modification  is  shown  in  Figure  2. 

The  beam  arm  was  held  in  place  by  two  %  by 
3  inch  plates,  one  on  the  top  and  one  on  the  bottom  of 
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Figure  1. — Diagram  of  Improvised  Single-Lever  Field  Machine  as  Used  in  Tests 
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the  arm.  The  plates  could  be  adjusted  so  that  the 
beam  arm  would  be  level  at  the  time  of  the  break.  At 
first  the  total  deflection  of  the  end  of  the  beam  arm 
was  about  5  inches  when  the  break  took  place.  This 
deflection  was  later  reduced  to  about  3  inches  by  placing 
angle  irons  at  the  end  of  the  wooden  arm,  thereby 
reducing  the  play  in  the  two  plates. 

Water  was  supplied  at  a  uniform  rate  from  a  tank 
above  the  beam  machine.  This  tank  was  filled  to  the 
same  level  before  making  each  break.  There  was  a 
very  slight  difference  in  the  rate  of  application  of  the 
load  at  the  beginning  and  end  because  of  the  fact  that 
the  head  was  reduced  slightly  as  water  was  drawn  from 
the  top  tank.  An  inflow  equal  to  the  outflow  would 
insure  a  more  constant  rate  of  load  application  and 
would  also  permit  the  use  of  a  smaller  tank. 

A  wooden  platform  was  placed  between  the  scales 
and  the  tank  so  that  the  heavy  tank  of  water  would  not 
fall  directly  on  the  scales.  The  tank  of  water  could 
then  be  easily  lowered  on  to  the  scales  and  weighed  to 
the  nearest  pound.  If  scales  are  not  readily  available, 
the  tank  can  be  calibrated  and  the  quantity  measured 
within  an  accuracy  of  about  1  per  cent.  In  this  case 
a  mound  of  sand  or  earth  should  be  made  so  that  the 
drop  of  the  tank  will  not  exceed  t  inch  when  the  beam 
snaps. 

Following  is  the  method  used  in  computing  the  mod- 
ulus of  rupture  for  tests  with  the  single-lever  breaking 
device : 

In  Figure  1 

W  =  Load  applied  by  tank. 
L  =  Corresponding  moment  arm. 
Wi  =  Weight  of  beam  arm  and  auxiliary  parts. 
Lx  =  Corresponding  moment  arm. 
W3  =  Weight  of  cantilevered  portion  of  test  beam. 
L3  =  Corresponding  moment  arm. 

Then,  if  M  is  the  moment  acting  at  the  support, 
M=WL  +  W1Ll  +  W3L3, 
and  the  modulus  of  rupture  is  given  by  the  equation, 
Mc_6M 

b~  I  ~w 

LOAD  APPLIED  AT  THIRD  POINTS  ON  UNIVERSAL  TESTING 
MACHINE 

A  frame  had  been  made  by  the  Tennessee  highway 
department  to  support  a  6  by  6  inch  beam,  as  shown 
in  the  diagram  in  Figure  3,  so  that  the  50,000-pound 
universal  testing  machine  could  be  used  to  break  beams. 
The  beam  was  supported  at  each  end  on  2-inch  iron 
plates,  and  the  load  applied  at  two  points  on  the  beam 
by  the  testing  machine.  Cylindrical  rollers  were  placed 
between  the  plates  in  contact  with  the  beam,  as  well 
as  between  the  plates  connected  with  the  frame  through 
which  the  load  was  applied. 

The  apparatus  for  breaking  the  beams  was  built  so 
that  the  distances  between  the  bearing  points  could  be 
changed  if  desired.  For  this  study  the  outside  sup- 
ports were  placed  30  inches  apart,  with  the  load  applied 
at  the  two  one-third  points.  The  bending  moment  due 
to  applied  load  was  then  the  same  for  all  points  between 
the  two  places  where  the  load  was  applied,  thus  pro- 
viding a  favorable  condition  for  the  break  to  occur  at 
the  weakest  place  within  the  middle  10  inches  of  the 
beam.  Furthermore,  while  the  bending  moment  was 
maximum  and  uniform  within  this  section  of  the  beam, 
the  shearing  stress  due  to  applied  load  was  equal  to 
zero  over  the  full  length  of  the  same  distance.  The 
troweled  surface  was  placed  on  the  bottom  so  that  it 


would  be  on  the  tension  side  of  the  beam  when  it  was 
broken. 

Values  of  the  modulus  of  rupture  for  tests  made  in 
the  universal  machine  were  computed  by  the  following 
formula : 

o_3W4  ,  BWiL 
b~   bd2  +  Abd2  ' 

where  IF  is  the  total  applied  load,  A  the  distance  from 
each  support  to  the  adjacent  loading  point,  Wi  the 
weight  of  the  beam,  and  L  the  distance  between  sup- 
ports. Since  in  these  tests  the  loading  was  at  the  third 
points,  the  formula  was  reduced  to  the  form 


S- 


bd1 


MLLTIPLE-LEVER  TESTING  MACHINES  DESCRIBED 

Two  of  these  machines  were  available,  one  in  the 
laboratory  and  one  in  the  field.  All  of  the  beams  made 
for  this  particular  study  to  be  broken  on  these  machines 
were  broken  in  the  laboratory  and  with  the  laboratory 
machine,  except  two,  which  were  broken  on  the  field 
machine.  It  was  not  intended  to  break  any  on  the 
field  machine  but  the  results  obtained  on  the  other 
machines  made  it  appear  worth  while  to  carry  the  study 
further,  because  there  was  considerable  difference  in  the 
amount  of  shear  produced  in  the  two  machines. 

In  both  of  the  multiple-lever  machines  the  load  was 
applied  by  a  cable  attached  to  a  hand  wheel.  A  dyna- 
mometer between  the  cable  and  the  end  of  the  beam 
arm  indicated  the  load  being  applied.  This  dyna- 
mometer was  carefully  tested  from  time  to  time,  and 
was  always  correct  within  less  than  1  per  cent. 

The  chief  difference  between  the  laboratory  and  the 
field  machine  is  the  distance  from  the  point  where  the 
load  was  applied  to  the  plane  of  maximum  bending 
stress.  In  the  laboratory  machine  this  distance  is 
5.5  inches,  while  in  the  field  machine  it  is  8.75  inches. 
This  difference  causes -a  greater  shearing  stress  in  the 
one  case  for  the  same  moment  at  the  plane  of  maxi- 
mum stress.  The  essential  differences  of  the  two 
machines  are  shown  in  Figure  4. 

Following   is    the   method    used   in   computing   the 
modulus  of  rupture  for  tests  with  the  multiple-lever 
machines. 
In  Figure  4, 

TFi  =  Applied  load. 

Z,  =  Distance  from  the  upper  fulcrum  to  the  point 

of  load  application. 
W2  =  Weight  of  beam  arm. 
L2  =  Corresponding  moment  arm  with  respect  to 

upper  fulcrum. 
W3  =  Weight  of  cantilevered  portion  of  test  beam. 
L3  =  Distance  between  upper  and  lower  fulcrums. 
Wi  =  Weight  of  dynamometer. 
Z4  =  Moment  arm  of  lower  fulcrum  with  respect  to 

front  edge  of  supporting  post. 
L5  =  Length  of  cantilevered  section  of  test  beam. 
The  reaction  at  the  lower  fulcrum  is  given  by  the 
equation, 

L3 


R_W1L1  {  W2L2 
J^3         -L3 


The  moment  at  the  support    is  then  given   by    the 
equation, 

,,    WJUU  ,  W2L2Lt  ,  WJnLt  ,  W3L, 

i\l  = r 1 7- 1 7 


u 


L3 
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and  the  modulus  of  rupture  is  obtained  from  the  rela- 
tion 

„_6M 

VALUES  OF  MODULUS  SHOW  SIGNIFICANT  DIFFERENCES 

Values  of  the  modulus  of  rupture  of  all  beams  tested 
iu  the  three  types  of  machine  are  given  in  Table  1 
Table  2  gives  the  differences  between  average  values 
for  each  set  tested  on  the  universal  machine  and  the 
corresponding  average  values  for  tests  with  the  single- 
lever  and  multiple-lever  machines. 


Figure  3. — Diagram  Showing  2-Point  Loading  of  Beam 
in   Universal  Testing   Machine 

Table  1. — Comparison  of  rallies  of  modulus  of  rupture  given  by  the 
three  types  of  beam-breaking  machine;  modulus  of  rupture  given 
in  pounds  per  square  inch 


Improvised  single- 
lever  machine 

Universal 
chine 

ma-        Multiple-lever  labor 
machine 

itory 

Set  No. 

Beam  1, 
break  No.— 

Aver- 
age 

Beam 
2 

Beam 
3 

Aver- 
age 

Beam  2, 
break  No.— 

Beam  3, 
break 

No.— 

Break 

No  — 

Aver- 
age 

1 

716 

o72 
574 
560 
528 
628 

2 

614 
563 
5  /  5 
586 
517 
654 
633 

3 

1 

1 

1 

2 

3 

1 

926 

ss:s 
761 
786 
710 
812 
938 

2 

841 
780 

868 

7X1 
786 
867 
899 

730 

568 
540 
536 
519 
613 
590 

687 
561 
562 
565 
532 
598 
617 

712 
525 
570 
614 
605 
572 
644 

666 
559 
611 
576 
546 
565 
569 

689 
542 

8o5 
759 

823 
764 
672 
772 
816 
732 
913 

860 
773~ 

863 

6. 

797 

9 

12 

590   683 
595    756 
575    856 
568    788 
607   950 

741. 
773 

14 

792 

16. 

800 

20 

925 

Average    for 
machine 

589 

595 

814 

Table  2. — Differences  in  average  values  of  mod  id  us  of  rupture 
given  by  tests  with  universal  testing  machine  and  corresponding 
values  given  by  tests  with  the  improvised  single-lever  machine  and 
the  multi plc-levi ■■/•  laboratory  machine 


:'et  No. 


6 

9 

12 

14 

16 

20  

Average 


*££"  Miilti"k- 

single-     leverlab- 
lever 


oratorj 


machine 


machine 


-2 

4-174 

+  19 

4-255 

-28 

4-156 

-30 

+  17X 

-43 

+  217 

+2X2 

-HO 

+318 

The  results  obtained  from  each  machine  were  very 
consistent  for  both  the  individual  and  the  average  break- 
ing strengths.  The  real  differences  lie  between  the 
values  given  by  the  different  types  of  breaking  ma- 
chine. The  improvised  held  machine  gave  results  very 
close  to  those  given  by  the  universal  machine,  the 
difference  between  the  averages  for  all  the  breaks  being 
only  6  pounds  per  square  inch.  For  these  two  ma- 
chines the  maximum  difference  between  the  average 
strengths  of  any  set  of  beams,  as  shown  in  Table  2,  was 
only  43  pounds,  with  an  average  difference  of  only  23 
pounds.  The  maximum  and  minimum  strengths  on  the 
improvised  field  machine  were  also  very  close  to  the 
maximum  and  minimum  strengths  on  the  universal. 

The  laboratory  multiple-beam  machine  gave  much 
higher  results  than  either  the  universal  or  the  impro- 
vised field  machine.  The  increase  in  average  strength 
was  219  pounds,  or  36.8  per  cent  over  the  average 
strength  given  by  the  universal  testing  machine.  On 
the  individual  sets  of  beams  the  average  strength  was 
from  156  to  318  pounds  per  square  inch  higher.  There 
was  not  a  break  made  on  the  multiple-beam  machine 
that  was  as  low  as  the  highest  breaks  obtained  for  cor- 
responding sets  on  either  of  the  other  machines.  The 
smallest  and  the  largest  difference  between  the  lowest 
break  on  the  multiple-beam  machine  and  the  highest 
break  on  the  other  two,  for  beams  of  the  same  set,  were 
(jl  pounds  and  255  pounds,  respectively. 


w~, 


w,  +  w. 
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Figure  4.    -Diagram  Showing  Loads  and  Moment  Arms 
Acting  in  Multiple-Lever  Machines 

The  results  of  the  study  showed  that  the  multiple- 
beam  machine  gave  results  so  much  larger  than  those 
obtained  on  the  other  two  machines  that  it  was  decided 
to  carry  the  study  to  the  multiple-beam  field  machine. 
The  essential  difference  between  the  multiple-beam 
laboratory  machine  and  the  multiple-beam  field  ma- 
chine is  the  distance  from  the  plane  of  maximum  stress 
to  the  point  at  which  the  load  is  applied  to  the  test 
beam.  In  the  first  case  this  distance  is  ">..">  inches,  and 
in  the  second  it  is  8.75  inches. 

Results  of  tests  of  two  beams  each  from  set  19  on 
the  improvised  field  machine  and  the  multiple-beam 
field  machine  are  given  in  Table  3. 

All  of  these  beams  were  made  from  the  same  batch. 
Beams  1  and  4  were  tamped  ■">()  times,  and  beams  2  and 
3  were  tamped  ISO  times. 

The  excess  in  average  strength  given  by  the  multiple- 
beam  field  machine  was  152  pounds,  or  26  per  cent 
higher  than  the  average  strengths  obtained  on  the 
improvised  field  machine. 
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Table  3. —  Comparison  of  values  of  modulus  of  rupture  given  by 
tests  with  th<  multiple-lever  field  machine  and  the  improvised 
single-lever  machine,  for  two  beams  each  from  set  1,9 


Beam 

Multiple-lever 
field  machine 

Improvised 
single  lever-machine 

Break 
numbei 

Aver- 
age. 

Break  number 

Aver- 
age 

1 

2 

1 

2 

3 

1 

550 
639 

552 
577 

617 

551 

611 

...  

3                                     ..  

753 
693 

770 

715 

762 
704 

! 

733 

581 

CONCLUSIONS  SUMMARIZED 

In  view  of  these  facts  the  following  observations  and 
(■(inclusions  seem  justified: 

1.  The  breaks  on  the  beams  broken  in  the  multiple- 
lever  machines  showed  that  a  much  larger  percentage  of 
the  rock  was  broken  than  in  the  other  machines. 

2.  The  type  of  machine  used  to  make  the  break  will 
determine  to  a  large  extent  what  breaking  strength  will 
be  obtained. 


3.  The  results  show  that  the  apparent  quality  of 
concrete,  as  indicated  by  test  specimens,  may  be  varied 
be  merely  changing  the  apparatus  for  breaking  speci- 
mens. They  may  also  help  to  emphasize  why  a  more 
standard  method  of  making  and  especially  of  testing 
beams  in  the  field  should  be  adopted. 

4.  It  would  be  advantageous  if  every  field  machine 
could  be  calibrated  against  the  standard  laboratory 
set-up  before  it  is  placed  in  service.  As  these  field 
machines  frequently  receive  very  rough  treatment  it 
might  also  be  desirable  to  have  tliis  calibration  re- 
checked  before  the  beginning  of  each  subsequent  con- 
struction season. 

Acknowledgement  is  made  to  the  Department  of 
Highways  and  Public  Works  of  the  State  of  Tennessee, 
without  whose  valuable  assistance  and  active  coopera- 
tion in  both  laboratory  and  field  these  data  could  not 
have  been  obtained. 


(Continued  from  p.  302) 

the  shooting  is  good,  and  in  addition  carry  the  penalty 
of  a  low  rate  of  production  on  the  part  of  the  shovel. 
The  conclusion  therefore  seems  inescapable  that,  under 
present  close  margins  of  bidding,  the  grading  contractor 
who  wishes  to  remain  in  business  can  not  afford  to 
permit  poor  shooting  on  his  rock  jobs. 
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